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ABSTRACT 
 
THE LIFE HISTORY CHARACTERISTICS, GROWTH, AND MORTALITY OF 
JUVENILE ALEWIFE, ALOSA PSUEDOHARENGUS, IN COASTAL 
MASSACHUSETTS 
 
MAY 2016 
 
JULIANNE ROSSET, B.S. UNIVERSITY OF WEST FLORIDA 
 
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
 
Directed by: Professors Adrian Jordaan and Allison H. Roy 
 
 
 
Over the past two centuries, anadromous alewife populations have 
drastically declined due to damming, inadequate fish passage, overfishing in the 
ocean and freshwater, climate change, and reduction in habitat quality.  Alewife 
populations are currently assessed by counting adult fish as they migrate 
upstream, but little is known about resulting juvenile production within lakes.  
Lack of knowledge of freshwater life history characteristics of juvenile alewife 
limits our understanding of overall productivity.  For this thesis, I fill existing 
information gaps by (1) characterizing the timing of adult alewife migrations and 
subsequent spawning (Chapter 2), and (2) assessing juvenile alewife density, size, 
growth, and mortality within lakes, and abiotic factors influencing these estimates 
across lakes (Chapter 3).  Twenty lakes across coastal Massachusetts were 
sampled for juvenile alewife and water quality in summer 2014.  Each lake was 
sampled three times: Round 1 (29 May to 15 June), Round 2 (26 June to 16 July), 
and Round 3 (27 July to 15 August).  Analyses of instream adult counts and 
otolith-based estimates of spawning date from captured juveniles showed a 
vi 
 
distinct delay (7-28 d) between the beginning of the adult migration run and 
spawning, and spawning continued 13-48 days after adults stopped migrating.  
These findings further corroborate recent discoveries that suggest alewife exhibit 
asynchronous spawning and has large implications for freshwater foodwebs.  
Lakes, overall, did not produce the same sized fish and there appears to be 
substantial variations of length-at-age with some lakes exhibiting large 
differences.  No change in length-at-age occurred in August, thus differences 
were achieved earlier in the growing season.  Additionally, all 20 lakes exhibited 
variable growth, density, and mortality rates that yielded generally weak 
relationships with abiotic and biotic factors.  Juvenile alewife density was 
positively related to juvenile density in the previous sampling Round, suggesting 
that a single sampling date may be sufficient to estimate relative lake density 
across the landscape.  Factors affecting growth were not consistent; overall 
growth was positively correlated with DOC, while the last 20 days of growth was 
negatively correlated with secchi depth.  While different, these responses are 
likely the result of the same mechanisms, both intrinsically linked with 
zooplankton abundance, prey availability, and feeding behavior within lakes.  No 
significant correlate was found for mortality.  In the future, the data in this thesis 
can be incorporated into models to improve stock assessments and support timely 
adaptive management strategies. 
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CHAPTER 1 
INTRODUCTION 
 
 Alewife (Alosa pseudoharengus) are an anadromous clupeid native to the western 
North Atlantic Ocean whose range extends from Newfoundland and Labrador, Canada to 
North Carolina, USA (ASMFC 2012).  Alewife spend the majority of their lives in the 
ocean, but make repeated annual migrations from the marine environment to freshwater 
lakes after they reach sexual maturity (3-5 y), and juveniles typically emigrate to the 
ocean at a few months of age.  While a number of adults may die after annual spawning 
migrations, alewife are considered iteroparous throughout the majority of their range 
(Loesch 1987).  Research indicates alewife are able to reach 8 years of age; therefore, a 
single individual can return to freshwater to spawn for 4 or 5 sequential years (Havey 
1961, Marcy 1969).  Adult migration in the northern portion of their range begins early to 
mid-spring when the ocean begins to warm and river temperatures are 16-19°C (Ellis and 
Vokoun 2009, Loesch 1987).  Alewife can home to natal rivers and specific areas in a 
river system over multiple spawning seasons (Jessop 1994, Palkovacs et al. 2008).   
As a migratory species, alewife play an important role in connecting riverine and 
oceanic ecosystems.  Their migrations transfer marine-derived nutrients to freshwater 
environments (Durbin et al. 1979, Post and Walters 2009), provide forage to a variety of 
piscine and avian predators in marine and freshwater ecosystems (Dalton et al.
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2009; Loesch 1987; Weseloh et al. 1995; Yako et al. 2000; Post et al. 2008, McDermott 
et al. 2015), and influence freshwater food webs through multiple trophic pathways 
(Brooks and Dodson 1965; Durbin et al. 1979, Demi et al. 2012; West et al. 2010).  For 
example, predation by juveniles has been demonstrated to structure zooplankton 
communities and influence prey morphology (Schielke et al. 2012), and have been shown 
to affect predator dynamics (Steven Mattocks, MS student, University of Massachusetts 
Amherst, unpublished data).  Historically, alewives were also a regular part of human 
diets; alewife consumption dates back to pre-colonial times and spawning runs into 
freshwater are said to have provided sustenance for the very first inhabitants of New 
England (Field 1913).  While humans utilized alewife as a food source, they were 
primarily used as bait in other fisheries. 
During the last century, alewife populations have been reduced to a fraction of 
their historical abundances due to overfishing, bycatch in marine fisheries, habitat 
degradation, climate change, and the blockage of critical spawning areas by dams 
(ASMFC 2012; Hall et al 2012; Limburg and Waldman 2009; Tommasi et al. 2015).  
These declines led many states to enact harvest restrictions and moratoria (ASMFC 
2012), and the U.S. government (and many states) to list alewife as a species of concern 
across their entire distribution (Dalton et al. 2009).  In 2011, the Natural Resource 
Defense Council (NRDC) submitted a petition to list alewife under the Endangered 
Species Act (ESA); however, the National Marine Fisheries Service (NMFS) determined 
the listing was not warranted primarily due to significant data gaps pertaining to their life 
history, particularly during the freshwater period of their life history.   
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Previous research provides cursory information regarding alewife migration and 
spawning in freshwater and suggests timing and duration of migration and spawning 
varies greatly among populations (Cooper 1961; Kissil 1974, Gahagan et al. 2010, Ganias 
et al. 2015).  Additionally, a recent study of oocytes has demonstrated that alewife exhibit 
asynchronous development (Ganias et al. 2015), thus questioning the long-assumed idea 
that all adult alewife spawning occurs in short windows.  Unfortunately, these studies 
have been limited to two individual lakes, therefore in-depth information regarding 
alewife spawning behavior specifically pertaining to the timing, frequency, and duration 
of spawning is limited.  Moreover, there remains uncertainty regarding how long adults 
stay on spawning grounds after they complete their spawning migration into freshwater.  
There is also limited information about juvenile alewife in lakes. Information on 
juvenile alewife growth and mortality has been provided from laboratory studies 
(Heinrich 1981), a single lake in Massachusetts (Essig and Cole 1986), the lower 
Roanoke River (Walsh 2005), and the Tar-Pamlico River (Overton et al. 2012) in North 
Carolina. While juveniles are vulnerable to predation, lack of food, temperature 
fluctuations, the effect of abiotic and biotic factors on juvenile alewife growth and 
survival has only been investigated in two non-migratory systems (Lake Michigan and 
Muskegon Lake) where alewife are an introduced species (Hook et al. 2007).  More 
information quantifying the findings of these studies across multiple lakes, particularly in 
anadromous populations, is essential to gain a more complete understanding of alewife 
life history.  Additionally, the factors that influence early life history stages need to be 
better understood because this is a time period that is integral for development, 
recruitment potential, and their capacity for production from freshwater lakes.   
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Restoration efforts like dam removals, fishway installations, and commercial 
fishery catch limits have been implemented throughout the alewife’s range to increase 
their population size.  Despite this, alewife numbers have not recovered.  While there is a 
common list of causes written within past literature to justify the overall decrease in the 
number of alewife, more information is needed regarding links between alewife 
production and habitat impairment, lake water quality, and catchment land use.  Our 
understanding of factors affecting the alewife populations is limited by the lack of 
knowledge surrounding alewife in freshwater habitats, especially with respect to the 
larval and juvenile life stages.  
This thesis aims to fill critical data gaps surrounding alewife life history in 
freshwater environments, using data collected from numerous lakes to assess factors 
influencing variation in juvenile alewife characteristics across the landscape.  
Specifically, the objectives are to: 
1- Assess the timing and duration of spawning in coastal Massachusetts lakes and 
the extent to which migration timing and duration influences spawn timing and 
duration (Chapter 2) 
2- Investigate variations in juvenile alewife density, size and growth, and mortality 
rates across 20 Massachusetts lakes and assess the effect of abiotic factors (water 
quality, temperature, rainfall) and biotic factors (adult spawn timing, juvenile 
density) on alewife density, size and growth, and mortality (Chapter 3) 
The results of this study will provide a better understanding of spawn timing and duration 
and abiotic and biotic factors affecting juvenile productivity.  This information can be 
used to inform alewife population models that adequately predict productivity and 
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capture key sources of population declines.  Additionally, managers may be able to 
prioritize restoration efforts based on systems that have characteristics associated with 
low juvenile alewife mortality and high growth.   
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CHAPTER 2 
TEMPORAL PATTERNS OF ALEWIFE MIGRATION AND SPAWNING IN 
COASTAL MASSACHUSETTS 
2.1 Introduction 
Over the past two centuries, anadromous alewife (Alosa pseudoharengus) 
populations have been reduced to a fraction of their historical abundance due to 
damming, inadequate fish passage, overfishing in the ocean and freshwater, climate 
change, and reduction in habitat quality (ASMFC 2012, Hall et al 2012, Limburg and 
Waldman 2009, Tommasi et al. 2015).  Following the unsuccessful petition to list alewife 
under the Endangered Species Act, there has been a push toward population models that 
adequately predict productivity and capture key sources of population declines (ASMFC 
2012).  An integral and essential component of this modeling effort is information 
regarding the timing and duration of alewife migration and spawning behavior, as these 
life history characteristics ultimately influence overall fecundity estimates and resulting 
juvenile productivity.      
Alewife migrate from the marine environment to freshwater lakes to spawn 
starting at 3-5 years old.  In New England, migration typically occurs between March and 
June; however, information pertaining to the timing of spawning varies. Several review 
papers describe spawning as commencing immediately after migration (Klauda et al. 
1991, Collette & Klein-MacPhee 2002, ASMFC 2012), some studies report that there are 
delays of several days to 2 weeks (Cooper 1961), 3-82 days (Kissil 1974), and 2-4 weeks 
(Gahagan et al. 2010) between migration and spawning.  Studies from Bride Lake in 
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Connecticut (Kissil 1974, Gahagan et al. 2010) demonstrated different delays than seen in 
Pausacaco Lake in Rhode Island, suggesting variation in spawn timing among 
populations (Cooper 1961).   
There are also inconsistent reports of the duration of alewife spawning. While 
some review papers and primary literature suggest that alewife spawn once and 
immediately return to the ocean (Klauda et al. 1991, Jessop 1994, Collette & Klein-
MacPhee 2002, ASMFC 2012), a recent study of oocytes demonstrates asynchronous 
development (Ganias et al. 2015), suggesting that alewife are repeat spawners.  More 
research in numerous lakes is needed to better understand variation in spawn timing 
(relative to migration) and duration, as well as the factors that influence variability among 
lakes and how this may influence productivity.  
The timing and duration of alewife migrations is critical not only for 
understanding alewife population dynamics, but also for understanding the influence of 
alewife on lake ecosystems. Adult migrations transfer marine-derived nutrients to 
freshwater environments through their offspring and waste products (Durbin et al. 1979, 
Post and Walters 2009) and provide food to a variety of piscine and avian predators in 
freshwater ecosystems (Dalton et al. 2009, Loesch 1987, Weseloh et al. 1995, Yako et al. 
2000, Post et al. 2008, McDermott et al. 2015).  If adult alewife are spending weeks in 
lakes during spawning, consuming large quantities of fish and invertebrates, they may be 
exerting a top-down influence on freshwater food webs (Brooks and Dodson 1965; 
Durbin et al. 1979, Demi et al. 2012; West et al. 2010).  Lastly, the timing of spawning 
influences the timing and size of juvenile alewife in lakes, thus affecting the zooplankton 
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community (Schielke et al. 2012) and predatory fish community (Yako et al. 2000, 
Moring and Mink 2002) at different times during the summer.    
Our study aims to better understand the relationship between alewife migrations 
and spawn timing and duration in 20 lakes.  Adult run counts and stocking events were 
employed to define spawning run characteristics, and compared to estimates of spawn 
date derived from otolith-based ages of young-of-year alewife.  We quantify (1) the 
timing of adult alewife spawning and its relationship to the timing of migration, (2) the 
duration of the spawning period, and (3) the extent to which migration timing and 
duration influences spawn timing and duration. By assessing numerous lakes, we offer a 
more comprehensive assessment of spawn timing and duration that can be used to inform 
alewife population models and develop effective management strategies.   
2.2 Methods 
2.2.1 Study sites 
 Massachusetts has 2,400 km of shoreline and over 150 coastal streams (Costello 
et al. 2011). There are more than 100 streams with active alewife runs in the state 
(Reback et al. 2004a), of which 38 are enumerated for adult alewife upstream migration 
(B.I. Gahagan, Massachusetts Division of Marine Fisheries (MDMF), personal 
communication). At these locations, adult alewife are tallied either by volunteer citizen 
scientists conducting visual counts, or electronic counters and video monitoring operated 
by MDMF.  
Twenty Massachusetts lakes (Table 2.1, Figure 2.1) were selected for this study in 
consultation with state partners and MDMF Technical Reports (Reback et al. 2004a; 
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2004b; 2004c; 2004d).  Eighteen of the lakes have natural access upstream of adult 
counts, and 2 lakes (Pentucket Pond and Robbins) do not have natural access but were 
stocked with adult alewife in collaboration with MDMF.  We aimed to select equal 
numbers of lakes in three regions of the state (North & Boston Harbor, South & Buzzards 
Bay, Cape Cod) to encompass the geographic distribution of river herring in 
Massachusetts.  Lakes with small adult migrations or those inaccessible by motor boat 
were omitted.  Preference was given to less complex, nursery systems with only 1 or 2 
lakes upstream of an adult run count; in three systems, we sampled 2 lakes upstream of a 
single adult run count (“paired lakes”; Table 2.1).  Most lakes were small to medium size 
(8-287 ha; Table 2.1).  Long Pond, located on the Nemasket River, has a large area (696 
ha) and is connected to four additional ponds, but was included in this study because it is 
nursery habitat for the largest run of alewife in Massachusetts (Bowden 2013).  
2.2.2 Adult fish counts 
Adult alewife were enumerated during their upstream migration through daily run 
estimates for each river.  Methods for enumeration included visual counts (15 sites), 
stocking (2 sites), electronic counters (2 sites), and video (1 site) (Table 2.1).  Visual 
counts were conducted by trained volunteers at locations adjacent to fishways that 
optimized visibility and ease of counting.  Electronic counts were performed using 
Smith-Root Model 1101 or 1601 electronic resistivity counters.  Video monitoring 
occurred at the fishway exit using underwater camera with integral infrared lights paired 
to a computer which runs ISpy motion detection software.  
10 
 
2.2.3 Young-of-year fish sampling  
Juvenile alewives were sampled three times (Round 1: 29 May to 15 June, Round 
2: 26 June to 16 July, and Round 3: 27 July to 15 August) from each lake in summer 
2014.  Juvenile fish were caught at night (8pm–3am) using a 30.5-m x 4.3-m pelagic 
purse seine with a 2.22-mm mesh.   The seine was deployed at three different, random, 
locations in each lake for each Round.  To generate random locations, each lake was 
divided into numbered 50 x 50-m grids in GIS and a random number generator was used 
to select three primary locations as well as three secondary locations.  If a randomly 
chosen site was less than 1.52-m deep or there was potential for the net to become 
entangled, an alternative location was used.  Fish were removed from the seine using 
small dip nets and enumerated.  A maximum of 200 individuals were randomly selected 
in every Round, from each haul, except if fewer were captured.  Fish were preserved in 
95% ethyl alcohol for aging in the laboratory.   
2.2.4 Otolith processing and age estimation  
In 5 of 20 lakes (Robbins, Snipatuit, Billington Sea, Chebacco, and Pentucket) 
otoliths from a random subset of 100 juvenile alewife were examined for aging in Round 
1 to determine the number of individuals needed to obtain reliable age-structure 
estimates.  In all remaining lakes and Rounds, otoliths were extracted from 50 randomly 
selected individuals for aging.  If less than 50 fish were captured, all fish were aged.   
Age in days was estimated from images of the sagittal otoliths.  The otoliths were 
removed from each fish, dried for at least 24 hours, and mounted to a slide using 
Crystalbond 509® adhesive.  Images were obtained for one otolith from each fish using a 
compound microscope with oil immersion and captured by Image Pro® Insight Version 
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9.  Two readers examined each otolith independently for fish collected in Round 1, and 
fish age was estimated as the average of replicate reads.  When reader ages diverged by 
10%, otoliths were aged again by both readers and the closest readings were averaged, 
provided the readings varied by less than 10% (Michaletz 1997).  Otoliths in Round 2 and 
Round 3 were read by one reader.  A random subsample of 30 otoliths in Rounds 2 and 3 
were chosen and aged by two readers to determine reading precision of daily age 
estimates between readers.  Aging precision was estimated using Average Percent Error 
(APE; Campana and Jones 1992).  Two days were added to the otolith-derived age to 
adjust for the time delay before otoliths increments begin (Sismour 1994; Essig and Cole 
1986). 
We calculated individual spawning dates from the otolith-derived fish age. Hatch 
date was determined by subtracting fish age from the date sampled. Spawning date was 
calculated by subtracting the incubation period from the hatching date. The incubation 
period (T) was calculated from the estimated relationship between egg incubation and 
temperature recalculated from Edsall (1970):  
T = 31.1656*e(-0.0997*t) 
where T = incubation time in days, t = temperature in °C.  Hourly temperatures were 
obtained from HOBO® ProV2 temperature loggers (Onset Corporation, Bourne, MA) 
installed in waterbodies in the northern region (Essex River, Parker River) and Cape Cod 
(Great Herring Pond, Herring Pond).  Average daily temperatures in the 4 waterbodies 
were used to determine the temperature associated with each hatch date, and to 
subsequently calculate the incubation period in all lakes.  
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2.2.5 Data analysis 
Spawn timing was characterized in terms of date of earliest spawned fish, mean 
spawn date, and date of the last spawned fish based on otolith-derived ages across all 
sampling Rounds.  Duration of spawning was calculated as the number of days between 
the earliest spawned fish and last spawned fish.  
Differences in timing between adult migrations and spawning were evaluated 
multiple ways.  First, Cumulative Distribution Functions (CDFs) were calculated for the 
adult migration, and frequency distributions of the migration and spawning were 
compared using two-sample Kolmogorov-Smirnov (KS) tests.  P-values were adjusted 
with a Bonferroni correction (α/n, where n=20 and α=0.01).  Second, we calculated the 
difference between 1) the start of the adult run and the start of spawning, 2) the mean of 
the adult run and the mean of spawning (for fish collected in Round 1 only), and 3) the 
end of the adult run and end of spawning.   
I used linear regression analysis to determine the extent to which timing of adult 
migration influenced the timing of spawning. Pairwise regressions were conducted 
between the start, mean, and end dates of the adult migration run and the start, mean and 
end dates of spawning.  I also used regression to assess the effect of duration of migration 
on duration of spawning.  
  Fish sampling progressed from the southern to the northern sites following the 
general pattern of migration timing, so potential biases associated with sample timing 
was assessed.  First, I regressed sampling date against the mean spawn date in Rounds 1, 
2, and 3 to assess whether estimated ages were explained by sample timing and then used 
multiple linear regressions for each sampling round to assess the potential joint and 
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interactive effects of the start, mean, and end of adult run timing and sample timing on 
spawning dates.  The best fitting model was estimated using the corrected Akaike’s 
Information Criterion (AICc; Burnham and Anderson 1998).  All analyses were 
conducted in R (cran.r-project.org), except multiple linear regressions which were 
performed in JMP® (Version 12.1, SAS Institute Inc., Cary, NC). 
2.3 Results 
We enumerated 285,877 juvenile alewife in Rounds 1, 2, and 3, of which a 
subsample (n= 2,924) was used for aging.  Less than 50 fish were collected in some lakes 
(Snipatuit, Robbins, Pentucket, Whitmans, Long Pond, Furnace, Johns) and with the 
exception of Robbins, were all in Round 3.  The minimum and maximum number of fish 
aged represent varying percentages (0.14%-100%) of the total number of fish sampled 
(Table 2.1). Variation in otolith-based age agreement between readers was less than 10% 
in all instances.  The mean difference between readers was 5.2% and the APE index was 
6%. 
Adult migration occurred from March 24 to June 18 (Figure 2.2) and population 
estimates of adults entering freshwater systems from the open ocean ranged from 4,202 to 
455,000 individuals within the 18 study sites that were not stocked (Table 2.1).  In total, 
migration duration spanned 29-66 days.  Additionally, it was estimated that spawning 
began April 18 to July 15 and ended between April 18 and May 8 (Figure 2.2).  Timing 
and duration of spawning was variable across lakes (Figure 2.2), with spawning duration 
spanning 48-76 days.  
 Spawn timing was significantly different than migration timing in 19 of the study 
sites (KS test, p<0.001; Table 2.2, Appendix A).  The single site (Robbins) that had no 
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signifcant difference between the timing of  migration and spawning was a stocked 
system that had only one juvenile sampled in Round 3 and low numbers in Round 2.   
The delay between the beginning of the migration and spawning ranged from 7 to 28 d 
across sites, and the average difference was 17 d (Table 2.2, Figure 2.2).  The delay 
between the mean dates of migration and spawning ranged from -7 to 23 d and the 
average difference was 4 d.  Spawning estimated from otolith ages continued 13 to 48 
days (average 31 days) after adult alewife had ceased migrating into freshwater (Table 
2.2, Figure 2.2).   
The start of the adult run explained 22% of the variation in the estimated start of 
adult spawning across lakes, and the end of the adult run explained 17% of the variation 
in the end of adult spawning across all systems (Table 2.4).  Spawning in paired lakes 
upstream of single adult run counts showed no significant difference in timing (KS test, 
p>0.05; Table 2.3).  Date sampled explained 70% of the mean spawn dates we observed 
in Round 1; however, date sampled exhibited less of a relationship with the mean spawn 
date in Round 2 (36%) and Round 3 (34%) (Table 2.4).  The duration of spawning was 
not related to the duration of migration (R2=0.00, p=0.98, df=19, F=0.00).  Multiple 
linear regression results showed that the timing of adult spawning was most influenced 
by the timing of sampling across all rounds, not the timing of the adult migration run 
(Table 2.5), although migration timing and sampling date were highly correlated (Table 
2.4).   
2.4 Discussion 
 This is the first analysis to pair adult alewife migration and spawn timing across 
multiple lakes.  Although it has been established that adult alewife reside in nursery 
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habitats for prolonged periods in two systems (Cooper 1961, Kissil 1974, Gahagan et al. 
2010), this study confirms a delay between adult migration and spawn timing over a wide 
geographic range along coastal Massachusetts.  Across all 20 lakes, spawning 
commenced 7 to 28 days after the earliest migrating adults were recorded at each 
respective fish counting station, and continued well after the migration ended (41 to 54 
days).  The timing of adult alewife migration and spawning, and differences between the 
two events, may be linked to varying temperatures within river and lake systems.  
Alewives enter freshwater in the early to mid-spring and spawn when temperatures reach 
10.5 °C (ASMFC 2012), and survival of offspring have been shown to be greatly reduced 
at temperatures below 10 °C (Edsall 1970).  The patterns in this study might reflect a 
mismatch between temperature driven migration cues and ideal spawning temperatures 
(12-15 °C, ASMFC 2012) within nursery grounds leading to a delay in spawning activity 
until optimal conditions exist.  Additional years of data from multiple lakes under varying 
climatic conditions are needed to identify the extent to which temperature induces or 
constrains spawn timing and how differences between temperature in the marine 
environment and freshwater spawning locations leads to the observed delays. 
In addition to temperature, the observed delay between migration and spawning 
could be attributed to recently discovered developmental characteristics of alewife.  Until 
2014, the reproductive biology of alewife was thought to be synchronous, with adults 
spawning a single time before exiting the nursery habitat (Jessop 1994).  However, new 
research shows alewife exhibit indeterminate fecundity (Ganias et al. 2015), suggesting 
that delays in spawning behavior may be dependent on oocyte maturation rates in adults 
after reaching natal nurseries.  Therefore, spawn timing may be mediated by some 
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combination of biological and abiotic factors.  Considering that specific oocyte growth 
rates are not yet known for alewife (Ganias et al. 2015), I can only speculate that these 
findings may explain the delay we observe here.   
This study found that spawn duration lasted 48-76 days (depending on the lake), a 
finding that is not consistent with reports that adult alewife leave freshwater immediately 
after initial spawning (Klauda et al. 1991, Collette & Klein-MacPhee 2002, ASMFC 
2012).  Although outmigration was not measured, otolith-based ages suggest that 
spawning occurred throughout the late spring and into the summer, long after migration 
ended.  Therefore, it seems likely that adult alewife spend weeks to months in freshwater 
ecosystems.  At one of the stocked lakes a genetic study occurred in conjunction with this 
study; results of parentage associated with juvenile ages suggests that adults remain in 
lakes and spawn multiple times, with some individuals mating as much as a month after 
arrival (Meghna Marjadi, MS student, University of Massachusetts Amherst, personal 
communication).  Further, based on observations of prolonged spawning, it appears that 
adults spawned throughout their residence in freshwater.  This is consistent with 
observations of indeterminate fecundity and batch spawning in this species (Ganias et al. 
2015).  Prolonged spawning was observed both in systems where migration occurred 
naturally and stocked lakes with no connection to the ocean. Thus, it appears that adult 
alewife do not need to migrate back to the sea to gain the energy required for continued 
oocyte maturation (Ganias et al. 2015).   
The extended period that adult alewife inhabit spawning grounds and freshwater 
environments has potentially important consequences for lake ecosystems and food-web 
dynamics.  Adult alewife consume small fish and invertebrates and have been shown to 
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feed in the pelagic zone and the littoral zone (Schielke et al. 2012).  Our findings of 
extended adult alewife presence (48-76 d) has large implications for freshwater food 
webs (pelagic and littoral), as adult alewife have the ability to exert a top-down influence 
and are potentially doing so for a longer period than previously documented.  However, 
extended periods of spawning also equates to prolonged juvenile production and an 
abundance of food for resident freshwater species, including white perch and largemouth 
bass (Moring et al. 2002; Yako et al. 2011).   
Sampling date explained 70% of estimated spawn dates early in the sampling 
season, suggesting that the sampling regime (i.e., sampling from southern to northern 
sites) created a potential bias in observations of spawn timing.  The strength of the 
association between sampling date and spawn timing decreased over time (Rounds 1-3), 
perhaps as a result of extremely high mortality of eggs and young larvae, such that 
sample size was insufficient to detect lower spawning frequencies.  The order of 
sampling (i.e., from southern to northern sites) was determined based on spawn timing 
and anticipated emigration (Kosa & Mather 2001; Gahagan et al. 2010), to maximize our 
potential ability to sample juvenile alewife at all lakes multiple times.  Thus, while the 
potential sampling bias could not be avoided, sampling earlier in the season with a 
variety of sampling techniques (e.g. DIDSON sonar) would allow researchers to capture 
alewife that otherwise would evade the net, creating a sampling design that better 
represents the alewife population within-lakes. Still, bias is more likely in determining 
the initiation of spawning, since it had started prior to sampling, rather than the month-
long delay post-migration, which sampling overlapped. 
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Adult migration timing was generally not a good predictor of spawn timing, 
however lack of significant differences between spawning in paired lakes suggests that 
migration timing within systems with multiple lakes produces similar patterns in 
spawning.  Therefore, adult migrations do not appear to impact spawning across sites but 
do explain similarities within watersheds.  Lakes within the same watershed have similar 
spawning patterns that were not observed across the landscape, perhaps because abiotic 
conditions were similar within watersheds.  Alternatively, biological mechanisms 
involving adult condition may explain inter-system differences and within system 
similarities between adult presence in nursery grounds and subsequent spawning.  
Ultimately, further investigation into these observations in both paired and unpaired lakes 
is warranted and would provide additional insight into the overall patterns observed in 
this study. 
While the results presented here provide evidence that there is a delay between 
migration and spawning and that spawning continues long after migration has ended, I 
did not examine abiotic/biotic causes for differences in timing and duration across sites.  
Additionally, sampling only occurred once a month in a single year (2014) and patterns 
of adult migration and spawn timing are often related to long-term average regimes of 
temperature, flow, and other physical factors experienced by anadromous adult species 
and their offspring (Quinn and Adams 1996).  Therefore, further work should be 
performed to pinpoint potential mechanisms, such as long-term temperature and flow 
rates, that can explain differences in spawn timing and duration across lakes.  The 
patterns observed in this study might change with time or with the use of a variety of 
sampling procedures. 
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This study provides evidence that there is a delay between adult alewife migration 
and spawning and spawning continues long after migration has ended.  By characterizing 
these behaviors, which influence fecundity and juvenile productivity in freshwater 
environments, this research is directly helpful for efforts to model alewife populations 
throughout their life cycle and understand factors influencing overall productivity.  
Appropriately parameterized models will help to understand factors influencing alewife 
populations and develop effective management strategies that lead to population 
recovery.   
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Table 2.1 Study sites and associated characteristics.  An asterisk (*) next to lake names indicates systems upstream of the same 
adult run count. 
 
 
 
 
Lake 
Adult Count 
Method River Region 
   Lake size       
       (ha)  
 
 
       
     Adult      
     Count 
 
 
# of 
juveniles 
aged 
 
 
% 
juveniles 
aged 
Robbins Pond Stocked Satucket River South & Buzzards Bay  117 603 48 100.0 
Snipatuit Pond Electronic Mattapoisett South & Buzzards Bay 287 55,429 151 20.1 
Long Pond Visual Nemasket River South & Buzzards Bay 696 590,105 104 1.2 
Billington Sea Visual Town Brook South & Buzzards Bay 108 135,738 200 6.9 
Furnace Pond* Visual Herring Brook South & Buzzards Bay 140 38,663 145 12.9 
Oldham Pond* Visual Herring Brook South & Buzzards Bay 93 38,663 150 1.7 
Great Herring Pond Electronic Monument River South & Buzzards Bay 167 278,134 200 2.6 
Cedar Lake Visual N/A Cape Cod 8 8,515 150 1.8 
Pilgrim Lake Visual Namequoit River Cape Cod 15 4,202 150 0.1 
Johns Pond Visual Quashnet River Cape Cod 123 247,894 125 65.1 
Santuit Pond Visual Santuit River Cape Cod 70 20,619 150 6.3 
Lower Millpond* Visual Stoney Brook Cape Cod 156 271,364 150 0.4 
Upper Mill/Walkers Pond* Visual Stoney Brook Cape Cod 138 271,364 151 7.3 
Gull Pond Visual Herring River Cape Cod 39 61,779 150 2.8 
Coonamessett Pond Visual Coonamessett River Cape Cod 64 68,251 151 1.5 
Whitmans Pond Visual Back River North & Boston Harbor 71 455,000 95 1.8 
Chebacco Lake Electronic Essex River North & Boston Harbor 97 7,997 200 6.9 
Pentucket Pond Stocked Parker River  North & Boston Harbor 33 271 188 76.4 
Upper Mystic Lake* Visual Mystic River North & Boston Harbor 67 239,057 150 0.2 
Lower Mystic Lake* Visual Mystic River North & Boston Harbor 34 239,057 116 1.0 
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Table 2.2 Comparisons of start, mean, an end of the adult migration (MS, MM, ME) and 
adult spawning (SS, SM, SE).  Kolmogorov-Smirnov (KS) tests are also included and show 
cumulative distributions of spawning and adult runs are significantly different in 19 of 20 
lakes.  
 
      KS test results 
Lake MS - SS  MM - SM   ME - SE       d     p 
Robbins 17 13 36 0.157 0.120 
Snipatuit 28 7 27 0.409 <0.001 
Long Pond 14 3 13 0.400 <0.001 
Billington Sea 18 6 33 0.383 <0.001 
Furnace 10 2 17 0.330 <0.001 
Oldham 22 4 20 0.330 <0.001 
Great Herring 23 1 26 0.478 <0.001 
Cedar Lake 9 3 48 0.272 <0.001 
Pilgrim Lake 14 -2 33 0.261 <0.001 
Johns 30 12 35 0.322 <0.001 
Santuit 14 7 41 0.278 <0.001 
Lower Millpond 12 -7 21 0.421 <0.001 
Upper Mill/Walkers 13 -5 13 0.435 <0.001 
Gull 23 9 38 0.348 <0.001 
Coonamessett  7 5 36 0.278 <0.001 
Whitmans 17 7 43 0.313 <0.001 
Chebacco 9 23 54 0.235 <0.001 
Pentucket 9 6 31 0.348 <0.001 
Upper Mystic 20 -3 27 0.435 <0.001 
Lower Mystic 25 -1 25 0.435 <0.001 
Average 17 4 31   
SE 1.51 1.53 2.48     
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Table 2.3 Comparison of the start and end of the adult migration (MS, ME) and start and 
end of adult spawning (SS, SE) in paired sites.  Kolmogorov-Smirnov (KS) tests are 
included and show cumulative distributions of spawning are not significantly different 
between the paired sites. 
 
                KS test results 
Lake    MS      ME      SS     SE          d          p 
Furnace 4/8/2014 5/31/2014 4/18/2014 5/20/2014 0.035 1 
Oldham 4/8/2014 5/31/2014 4/30/2014 5/27/2014   
Lower Millpond 4/19/2014 6/7/2014 5/1/2014 6/1/2014 0.026 1 
Upper 
Mill/Walkers 
4/19/2014 6/7/2014 5/2/2014 5/21/2014 
  
Upper Mystic 4/13/2014 6/18/2014 5/3/2014 6/12/2014 0.096 0.669 
Lower Mystic 4/13/2014 6/18/2014 5/8/2014 6/18/2014     
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Table 2.4 Linear regression results comparing the start of the adult migration (MS) and 
the start of adult spawning (SS), the mean adult migration event (MM) and the mean 
sampling date (SD) in Rounds 1, 2, and 3 (R1, R2, R3), the end of the adult migration 
(ME) and the end of adult spawning (SE), and the mean adult spawning (SM) and sampling 
date (SD) in R1, R2, and R3. 
 
  r2 p df F 
MS x SS 0.22 0.036 1 5.15 
MMR1 x SDR1 0.20 0.047 1 2.38 
MMR2 x SDR2 0.14 0.052 1 3.65 
MM R3 x SDR3 0.08 0.172 1 2.01 
ME x SE 0.17 0.071 1 3.67 
SMR1 x SDR1 0.70 <0.001 1 41.40 
SMR2 x SDR2 0.36 0.005 1 9.99 
SMR3 x SDR3 0.34 0.007 1 9.31 
 
  
24 
 
 
Table 2.5 Multiple regression results for predicting the start of spawning, mean of 
spawning in Rounds 1, 2, and 3 (R1, R2, R3), and end of spawning. Predictor variables 
include: the start of the adult migration (MS), the mean of the adult migration (MM), the 
mean sampling date in each round (e.g., SDR1 = mean sample date in Round 1), and the 
end of the adult migration (ME).  Bold variables represent the best supported models (i.e., 
lowest ∆AIC).  
 
Model           AICc   ∆AIC     BIC       R2 
Start         
MM 131.33  132.03 0.48 
SDR1 133.41 2.08 134.90 0.19 
SDR1 x MM 134.45 3.12 133.97 0.51 
MS 134.61 3.28 135.92 0.27 
SDR1 x MS 139.22 7.89 136.86 0.51 
R1         
SDM 109.84  111.32 0.69 
MM 112.99 3.15 114.32 0.69 
MM *SDM 116.46 6.62 117.15 0.69 
R2         
MSD 143.69  145.18 0.36 
MM 146.28 2.59 147.6 0.38 
MM *SDM 149.9 6.21 150.6 0.38 
R3         
MSD 142.36  143.06 0.53 
MM 142.55 0.19 144.04 0.34 
MM *SDM 145.66 3.30 146.97 0.34 
End         
MM 123.68  124.37 0.83 
SDR3 124.24 0.56 125.73 0.75 
ME 126.29 2.61 127.61 0.76 
SDR3 x MM 127.56 3.88 127.08 0.83 
SDR3 x ME 129.35 5.67 126.98 0.85 
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Figure 2.1 Map of 20 study sites located in eastern Massachusetts, USA.  Circles 
represent North and Boston Harbor sites (n=5), triangles represent South & Buzzards Bay 
sites (n=7), and diamonds represent Cape Cod sites (n=8). 
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Figure 2.2 Timing of adult alewife migration (gray bars) and spawning (black lines) in 
20 lakes. 
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CHAPTER 3 
DENSITY, GROWTH, AND MORTALITY OF JUVENILE ALEWIFE IN 
COASTAL MASSACHUSETTS 
3.1 Introduction  
Understanding mechanisms that regulate fish abundance, fluctuations in 
demographic structure, and survival rates has been integral to the field of fisheries 
ecology for over a century, particularly for explaining how early life history growth and 
mortality drive recruitment (Hjort 1914, Rose 2004).  Studies indicate that the larval and 
juvenile stages are key components for identifying the effects of environmental and biotic 
controls of population growth (Houde 1997), although the adult population size is more 
easily estimated and, therefore, more frequently used to assess abundance for 
management purposes (Victor 1986).  To accurately predict year-class strength, it is 
critical to identify a mechanistic link between early life stages of fishes and population 
size, productivity estimates, and recruitment (Houde 1997).  Therefore, characterizing the 
survival of larvae and juveniles and determining factors that may contribute to their 
growth and mortality is essential. 
Anadromous alewife (Alosa pseudoharengus) are ecologically important 
components of freshwater, estuarine, and marine environments (Durbin et al. 1979, Post 
and Walters 2009, West et al. 2010, Demi et al. 2012) and constitute a forage base for 
economically valuable fish species (Loesch 1987, Yako et al. 2000, Dalton et al. 2009, 
McDermott et al. 2015).  However, over the past two centuries alewife have been reduced 
to a fraction of their historical abundances due to a variety of anthropogenic stressors 
(Limburg and Waldman 2009, ASMFC 2012, Hall et al 2012, Tommasi et al. 2015).  
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Despite substantial efforts in restoration and management (e.g., stocking, fishway 
installations, dam removals) populations have not improved and researchers and resource 
managers can only speculate as to what may be hindering alewife recovery.  The 
consequence of this is that alewife are not fulfilling their potential ecological role (Hall et 
al. 2012), catalyzing efforts to monitor an expanded number of alewife populations 
towards identifying trends and understanding factors affecting their status. 
Currently, information on alewife population status is based on enumerating 
adults as they migrate from the sea to freshwater to spawn (ASMFC 2012), which 
assumes that higher numbers of adults equates to higher productivity.  However, these 
estimates provide little insight into the resulting recruitment and juvenile production, and 
factors (abiotic or biotic) that may influence the alewife’s early life cycle.  Therefore, 
enumerating adults may not be adequate as the sole measure of a population’s status.  
Further, because adult returns (i.e., the return of juveniles to their natal lake) reflects three 
or more years of mortality in multiple habitats, it becomes difficult to determine at what 
stage and under what pressures these populations are failing to recover.  As an example, 
Havey (1961) found there was no relationship between escapement and the number of 
progeny 3-5 years later but a significant relationship between the number of juvenile 
emigrants and number of returning adults 4 years later.  Thus, investigating juvenile 
growth and mortality in freshwater and determining factors that influence their survival in 
nursery habitats may help to elucidate the factors preventing the recovery of alewife 
populations. 
Limited research has investigated alewife growth and mortality rates in spawning 
grounds relative to coastal marine habitats (Gahagan et al. 2010).  Estimates of alewife 
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growth and mortality has only been determined in a few locations: a laboratory (Heinrich 
1981), Lake Michigan and Muskegon Lake where alewife are introduced and non-
migratory (Hook et al. 2007), one lake in Massachusetts (Essig and Cole 1986), and two 
rivers in North Carolina (Walsh 2005, Overton 2012).  In these studies, growth ranged 
from 0.10-0.93 mm/d and mortality ranged from 0.02-0.31 across all locations.  Given 
this wide range in growth and mortality across a relatively large spatial scale (Lake 
Michigan to North Carolina, but only one lake in Massachusetts) and the use of different 
techniques in each study, inferring range-wide or regional factors impacting alewife 
populations is difficult.  Thus, a research need is to understand regional factors that 
influence juvenile alewife growth and mortality through in-situ lake studies of 
anadromous populations.  
A wide range of abiotic factors such as water chemistry, physical habitat, 
temperature, and rainfall influence recruitment of fishes (Nunn et al. 2007).  The density 
of juvenile alewife in freshwater is predominantly related to river flow and temperature 
(Henderson and Brown 1985, Rulifson 1994, Kosa and Mather 2001, Walsh et al. 2005, 
Gahagan et al. 2010).  The effect these abiotic factors have on alewife recruitment is 
complex and can act directly or indirectly through a variety of pathways (Tomassi et al. 
2015).  For example, exposure to high temperatures in nursery habitats can constrain 
juvenile growth and decrease swimming performance (Pörtner and Farrell 2008, Kellogg 
1982, Henderson and Brown 1985, Overton et al. 2012), while river discharge can alter 
juvenile alewife feeding success (Crecco and Savoy 1984, Burbidge 1974) and the 
availability of nursery habitat (Kosa and Mather 2001, Gahagan et al. 2010, Tomassi et 
al. 2015).  Hook et al. (2007) suggests that temperature, turbidity, and chlorophyll-a 
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concentrations in Muskegon Lake combine to produce alewife that hatch earlier, grow 
faster, and are in better condition compared to alewife in neighboring Lake Michigan.  
Because of sampling and other difficulties inherent in studies that investigate the early 
life history of fishes, research is often focused on single systems or conducted in the 
laboratory.  However, there is a need for multi-lake studies to help understand factors 
influencing productivity because abiotic and biotic variance is lost at small spatial scales 
(Claramunt and Wahl 2000).      
The roles of biotic variables in alewife juvenile growth and mortality are not well 
understood.  Hook et al. (2007) showed that high densities of zooplankton prey are 
related to high growth and low mortality rates.  In other freshwater fish species, 
predation, competition, fish densities, and disease have been found to influence 
recruitment (Mélard et al. 1996, Nunn et al. 2007, Claramunt and Wahl 2000).  For 
example, reduced growth in high density environments as a result of competition for food 
has been described as an influence on in many late juvenile and adult fishes (e.g. 
Beverton & Holt 1957, Rochet 1998, Jenkins et al. 1999, Post et al. 1999, Lorenzen & 
Enberg 2000).  Additionally, it has been shown that piscivores directly affect recruitment 
of many freshwater fish (Nielsen 1980) and evidence exists for indirect effects of 
predation on prey fish populations in freshwater (Kerfoot and Sih 1987, He and Wright 
1992, Buckel et al. 1997).  While these relationships are well defined for other species, 
studies examining responses of alewife to food resources, fish densities, and predation are 
needed .  The current lack of knowledge surrounding the influence of both abiotic and 
biotic factors on alewife population size, structure, mortality, and growth rates, is limiting 
31 
 
our overall understanding of ecosystem-level interactions, and, subsequently, effective 
management strategies.  
 The overall decline in alewife population size led to an unsuccessful petition to 
list them under the Endangered Species Act (ESA), due in part to a lack of information 
pertaining to early life stages in freshwater.  Such information is critical for producing 
accurate population models that could help identify key sources of alewife declines.  
Here, I fill these knowledge gaps by quantifying (1) variation in juvenile alewife density, 
size, growth, and mortality rates across 20 Massachusetts lakes and (2) the effect of 
abiotic factors (water quality, temperature, and rainfall) and biotic factors (lake size, adult 
spawn timing, and juvenile density) on alewife density, size, growth, and mortality.  By 
characterizing growth and mortality and inferring factors that affect these parameters, this 
study will help guide future modeling efforts and the management of alewife. 
3.2 Methods 
3.2.1 Study Sites 
Twenty lakes (Table 1, Figure 1) were selected for this study in consultation with 
state partners and the Massachusetts Division of Marine Fisheries (MDMF) Technical 
Reports (Reback et al. 2004a; 2004b; 2004c; 2004d). Eighteen of the twenty lakes had 
natural access upstream of adult counts and two lakes (Pentucket and Robbins) did not 
have natural access but were stocked with adult alewives in collaboration with MDMF.  
We aimed to select equal numbers of lakes in three regions of the state (North & Boston 
Harbor, South & Buzzards Bay, Cape Cod) to encompass the geographic distribution of 
river herring in Massachusetts.  Lakes with small adult migrations or those inaccessible 
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by motor boat were omitted.  Preference was given to less complex nursery systems with 
only 1 or 2 lakes upstream of an adult run count; in 3 systems, we sampled 2 lakes 
upstream of a single adult run count (“paired lakes”; Table 1).  Most lakes were small to 
medium (8-287 ha) in size (Table 1).  Long Pond, located on the Nemasket River, has a 
large area (696 hectares) and is connected to four additional lakes but was included in 
this study because it is nursery habitat for the largest adult migration of alewives in 
Massachusetts (Bowden 2013).   
3.2.2 Rainfall 
Rainfall data was obtained from the Massachusetts Department of Conservation 
and Recreation (DCR) Office of Water Resources 
(www.mass.gov/eea/agencies/dcr/water-res-protection/water-resources).  Rainfall data 
was compiled from two locations in each region of our study: North Shore and Boston 
Harbor (Gloucester and Newburyport), South Shore and Buzzards Bay (Brockton and 
Plymouth), and Cape Cod (Harwich and Sandwich).  I calculated the cumulative rainfall 
two weeks prior to the date each lake was sampled, and averaged this for the two 
locations in the region where each lake was located.   
3.2.3 Water quality 
Water quality data was collected following protocols developed by the 
Massachusetts Division of Marine Fisheries for diadromous fish monitoring (Chase 
2010).   Temperature, conductivity, pH, and dissolved oxygen (DO) were measured using 
a multi-probe YSI™ 6-series (YSI, Inc.) at mid-depth in the deepest part of the lake just 
prior to sunset on each fish sampling date.  The YSI was calibrated weekly.  We also 
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characterized the light environment in each lake by taking secchi disk depth 
measurements.   
Surface water samples were collected in acid-washed bottles for total nitrogen 
(TN) and total phosphorus (TP).  Additionally, surface water was filtered through a 42-
mm Whatman® filter using a 60-mL plastic syringe and put in an acid-washed bottle for 
dissolved organic carbon (DOC) analysis.  Filters were used for chlorophyll a (chl a) 
analysis and were placed on ice and in the dark until they were frozen several hours later.  
In the laboratory, filters were placed in 99.9% spectrophotometric grade methanol and 
refrigerated for 24 hours to extract chlorophyll pigments. Following extraction, sample 
fluorescence was measured using an AquaFluor™ (Turner Designs, Sunnyvale, CA).  To 
correct measurements for overestimation caused by presence of pheotypin-a, each sample 
was measured before and after acidification to 0.003 N HCl. Water samples were sent to 
the New Hampshire Water Resources Research Center (WRRC) for analysis of TN, TP, 
and DOC.  TN and TP samples were determined on a Seal Analytical® AQ2 by discreet 
colorimetric analysis while the DOC water samples were run on a Shimadzu® TOC-
LCSH by high temperature catalytic oxidation and nondispersive infrared sensor 
detection.  
3.2.4 Alewife sampling  
Alewife were sampled three times (Round 1: 29 May to 15 June, Round 2: 26 
June to 16 July, and Round 3: 27 July to 15 August) from each lake in summer 2014.  
Larval and juvenile fish were caught at night (8pm-3am), when they are known to be 
most active, using a 30.5-m x 4.3-m pelagic purse seine with a 2.22-mm mesh.  The seine 
was deployed in each lake at three random locations for each Round.  To generate 
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random locations, each lake was divided into a numbered 50 x 50-m grid in GIS and a 
random number generator was used to select three primary locations as well as three 
secondary locations.  If a randomly chosen site was less than 1.52-m deep or there was 
potential for the net to become entangled, an alternative location was used.  Following 
capture, fish were removed from the seine using small dip nets, enumerated, and 
measured to the nearest millimeter.  A maximum of 200 individuals were lethally 
sampled from each haul and preserved in 95% ethyl alcohol for otolith extraction and 
aging in the laboratory.   
3.2.5 Otolith processing and spawn date estimation 
We determined fish age (in days) from a subsample.  In 5 of 20 lakes (Billington 
Sea, Snipatuit, Chebacco, Robbins, and Pentucket) otoliths were extracted from a random 
subset of 100 alewife in Round 1 and aged to determine the number of individuals needed 
to obtain reliable age-structure estimates.  For all remaining lakes and Rounds, otoliths 
were extracted from 50 randomly selected individuals for aging.  If less than 50 fish were 
captured, all fish were aged.  In all cases, sagittal otoliths were removed, dried for at least 
24 hours, and mounted to a slide using Crystalbond 509® adhesive.  Images were 
obtained for one otolith from each fish using a Lumenera® camera mounted to a Micro 
Optical Solutions® compound microscope with oil immersion and captured by Image 
Pro® Insight Version 09.   
Two readers examined each otolith independently for fish collected in Round 1, 
and fish age was calculated as the average of replicate reads.  When reader ages diverged 
by 10%, otoliths were aged again by both readers and the closest readings were averaged, 
provided the readings varied by less than 10% (Michaletz 1997).  Otoliths in Round 2 and 
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Round 3 were read by one reader.  A random subsample of 30 otoliths from Rounds 2 
and 3 was aged by two readers to determine precision of daily age estimates.  Aging 
precision was estimated using Average Percent Error (APE, Campana and Jones 1992).  
Two days were added to the otolith-derived age to adjust for the time delay before 
otoliths increments begin (Sismour 1994; Essig and Cole 1986).   
Back-calculated spawning dates were determined by subtracting fish age from the 
date sampled and the duration of incubation was calculated using the estimated 
relationship between egg incubation period and temperature recalculated from Edsall 
(1970):  
T = 31.1656*e(-0.0997*t) 
where T = incubation time in days, t = temperature in °C.  Hourly temperatures were 
obtained from HOBO® ProV2 temperature loggers (Onset Corporation, Bourne, MA) 
installed in waterbodies in the northern region (Essex River, Parker River) and Cape Cod 
(Great Herring Pond, Herring Pond).  Average daily temperatures in the 4 waterbodies 
were used to determine the temperature associated with each hatch date, and to 
subsequently calculate the incubation period in all lakes.   
3.2.6 Data analysis 
To address missing water quality readings, the final set of predictor variables had 
to be interpolated.  To account for missing DO measurements, we used only data 
collected in Round 2 in our analyses.  Conductivity, pH, and secchi depth were missing 
from single rounds in a few lakes. Since these variables did not vary consistently among 
Rounds, we took the average of the readings in the other two rounds to fill in missing 
data (Appendix H).   
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All variables were tested for normality using the Shapiro-Wilk test (α = 0.05).  
Density was the only dependent variable that was not normally distributed and was log-
transformed prior to analysis.  Additionally, a number of independent variables were 
standardized with z-scores.  In instances where normality was not attainable, lakes that 
skewed the data (Lower Mystic, Upper Mystic, Gull, Whitmans) were removed from all 
models prior to analyses.  Pairwise correlations were performed to check correlation 
among environmental variables and avoid collinearity in the regression models.  Where 
two or more variables exhibited a high correlation (i.e., coefficients > |0.7| and; Appendix 
A), we selected a single variable that had either biologically relevant traits or were 
pertinent to our hypotheses.  All tests were performed in JMP (JMP®, Version 12.1, SAS 
Institute Inc., Cary, NC).   
Juvenile alewife density was estimated for each lake and within each Round by 
dividing the number of individuals captured within each net haul by the total volume of 
the purse seine.  Depth of each lake was included in calculating the volume of the purse 
seine when lake depth was less than the maximum depth of the net (4 m).  We ran 
forward stepwise multiple linear regression (MLR) models to determine if the average 
density of fish of alewife observed in each lake and within each Round was influenced by 
water quality (summer average and Round specific), lake size, sechii depth, adult density, 
or adult spawn timing (Table 3.2).   
Since fish were spawned at different times, we assessed fish size by comparing 
length and age using linear regression for each lake for fish sampled in Round 3.  A one-
way ANCOVA was conducted to determine whether a statistically significant difference 
existed between length at age of fish across the lakes.  A post-hoc Tukey’s test was 
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subsequently performed to determine whether mean lengths differed among each of the 
lakes.  Robbins, Snipatuit, and Whitmans were excluded from these analyses because 
there were less than 9 fish captured in each lake.   
Growth was calculated in three ways.  First, we calculated length-based growth 
using Hook et al. (2007) instantaneous growth (IG) equation, which defines the 
individual growth of alewives as 
IG= (L-3.5)/A  
where L is length (mm), A is age (d), and 3.5 mm is the approximate length of alewife at 
hatch (Auer 1982).  We also calculated growth based on otolith measurements from 50 
fish collected in Round 3.  Five lakes (Robbins, Snipatuit, Long Pond, Whitmans and 
Pentucket) did not contain 50 fish and so the total number captured was used in these 
instances.  Otolith-based growth was measured in two ways: (1) total growth was 
assessed by dividing otolith length from the core to the most distal posterior edge and 
dividing by the estimated age for that fish, and (2) and growth in the last 20 days was 
calculated by dividing the otolith width in the last 20 days by 20.  We assessed if otolith-
based growth was influenced by water quality, secchi depth or density of fish by running 
MLR models (Table 3.2). 
Mortality was determined for the entire sampling period and for each Round. 
Both estimates were calculated using CRAN R statistical software (version 8.2; 
http://www.r-project.org).  Overall mortality within each lake was calculated using catch 
curve analysis, plotted as the change in age over time (Round 1 to Round 3) versus the 
natural log of the frequency of ages (Quinn and Deriso 1999).  Since only a subset of fish 
were aged, age frequencies were adjusted to reflect the fish collected in each lake.  For 
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lakes that had higher densities in Round 2 compared to Round 1 (Upper Mystic, Lower 
Mystic, Gull, Upper Mill; presumably because peak spawning occurred after Round 1 
sampling), we excluded Round 1 data from overall mortality calculations.  For Rounds 2 
and 3, I calculated within-Round mortality by plotting a linear model of the age of each 
individual fish within each lake versus the natural log of ages.  The R package segmented 
(http://cran.rproject.org/web/packages/gap/index.html) was then used to determine the 
breakpoint of each graph and the slope of the descending limb (mortality) of each model.  
We ran MLR models to determine if the overall mortality and within-Round mortality 
was influenced by water quality, temperature, juvenile alewife density, adult alewife 
density, rainfall, or secchi depth (Table 3.2).   
3.3 Results 
We enumerated 195,023 alewife in Round 1, 79,590 in Round 2, and 11,264 in 
Round 3 (285,877 total).  Of these, 4,114 were measured and a subsample (n=2,924) was 
used for aging.  Less than 50 fish were collected in some lakes and Rounds (Robbins, 
Snipatuit, Long Pond, Furnace, Johns, Whitmans, Pentucket) and with the exception of 
Robbins were all in Round 3 (Appendix E).  The minimum number of fish aged within 
one system was 48 and the maximum was 200, representing varying percentages (0.14%-
100%) of the total number of fish sampled (Table 3.1). Variation in age agreement 
between readers was less than 10% or within 10 days in all instances.  The percent 
difference between readers was 5.2% and the APE index was 6%. 
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3.3.1 Density 
Average densities across lakes ranged 3 orders of magnitude, from 0.09 (Robbins) 
to 92.54 (Pilgrim) alewife/m3 (Figure 3.3).  In general, densities were highest in Round 1; 
however, some lakes exhibited higher densities in Round 2 (Upper Mystic, Lower 
Mystic) and Round 3 (Upper Mill, Gull) (Figure 3.5; Appendix E).  Forward stepwise 
regression procedures suggest that density in Round 2 was positively related to density in 
Round 1 (Figure 3.4A; Adj. R2=0.18, p=0.043, n=7).  Additionally, Round 3 density was 
positively related to Round 2 density (Figure 3.4B; Adj. R2=0.57, p<0.001, n=11).  
3.3.2 Size and Growth 
 Fish length and age in Round 1 was 4-35 mm and 7-44 days old.  In Round 2, fish 
ranged in length from 2-89 mm and were 14-64 days old while Round 3 alewife were 13-
120 mm long and 27-90 days old (Appendix C; Appendix D).  Pentucket and Lake 
Chebacco (North Shore & Boston Harbor sites) contained the largest juvenile alewife 
while Gull and Coonamessett (Cape Cod) contained the smallest alewife (Figure 3.2).  
Tukey showed that Pentucket fish are larger than all other lakes (Table 3.3).  There was a 
significant effect of age on length of alewife, after controlling for lake (F (1, 16) = 
109.81, p < 0.001).  In general, many lakes appear to contain juveniles that did not 
increase in length over time (Figure 3.2).  
Growth estimates varied slightly, depending on which method was utilized 
(length-based or otolith-based).  Length and otolith-based estimates were relatively well 
correlated (R2= 0.65, p<0.001, F=23.4, df 19; Figure 3.7A).  Otolith-based growth 
estimates show that Robbins, Snipatuit, Whitmans, and Chebacco have the highest rates 
of growth out of all 20 study sites (Figure 3.3) and growth calculated by measuring the 
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last 20 days on each otolith produced similar results (R2 = 0.74, p<0.001, F=52.5, df 19; 
Figure 3.7B), although ponds varied whether recent or overall growth was highest.  
Forward stepwise regression procedures revealed that overall otolith growth was 
positively related to DOC (Adj. R2=0.28, p=0.0.0103, n=9) while growth in the last 20 
days was negatively related to secchi depth (Adj. R2=0.28, p=0.0143, n=7; Table 3.4).   
3.3.3 Mortality 
 Mortality in lakes ranged from 0.01 to 0.20 and was highest in Cedar (0.20) and 
Snipatuit (0.13) and lowest in Upper Mill (0.01) and Johns (0.02) and Upper Mill (0.02; 
Figure 3.6).  In general, mortality was highest in Round 1, when density was highest, and 
decreased over time.  However, Lower Mystic experienced the highest mortality in 
Round 2 (Figure 3.6).  Stepwise regression results indicate that there are no significant 
correlates for overall mortality or mortality observed within each Round.  
3.4 Discussion 
Alewife densities, size, growth, and mortality varied greatly among all 20 lakes.  
Densities were strongly correlated among Rounds, but not related to adult alewife density 
or any measured abiotic factors.  Growth was affected by water quality parameters (i.e., 
DOC and secchi depth), both with major links to feeding ecology and zooplankton 
structure.  No abiotic or biotic variables examined in this study explained mortality.  
3.4.1 Density 
Juvenile alewife density was best predicted by the density measured in earlier 
months/sampling Rounds.  Therefore, lakes that began with low densities of juveniles 
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generally retained low densities throughout the summer.  Improved fit between Round 2 
and 3 densities compared to Round 1 and 2 indicates less variation among lakes later in 
the growing season after high initial mortality.  Knowing that alewife spawn multiple 
times in one season (Ganias et al. 2015, Chapter 2), and that spawning extends well after 
Round 1 sampling, it seems that freshwater productivity is established early in the 
summer.  Early productivity might be best explained by within-system conditions, 
including possible impacts on migrating alewife, that potentially influence oocyte growth 
and leads to a reduction in spawning throughout the entire season.  Alternatively, factors 
that we did not investigate in this study (e.g., zooplankton density, predator abundance) 
may play a key role in the density of juvenile alewife I observed within a single season as 
a result of the effects of growth and mortality.  Future studies that assess factors that 
influence juvenile alewife densities should incorporate measures of adult alewife oocyte 
development and additional biotic factors, including predator densities.   
Of all of the variables included in the density models, I expected that the number 
of adult alewife in each lake would best predict the density of juvenile alewife; however, 
there was no relationship.  Similarly, Tomassi et al. (2015) found that the number of adult 
alewife did not predict the number of juveniles and instead the number of juvenile 
alewife was largely affected by environmental variability.  These findings suggest that 
the current methodology of counting adult alewife as they enter freshwater is not 
sufficient to predict alewife population status or year-class strength.  There is a need for 
more robust methods that incorporate juvenile growth and mortality estimates into 
population modeling to determine alewife population status.  
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3.4.2 Size and growth 
Based on the length and age relationships within each lake, which demonstrate 
relatively even growth rates but large differences in size-at-age, it appears that alewife 
grow quickly in the first one to two months after being spawned.  Fish captured in August 
exhibit an increase in age over time, but are not increasing in length, although they 
appear to increase in girth.  In the future, measuring the lengths and corresponding ages 
of fish earlier in the spawning season (i.e., May) will help to verify when size differences 
are generated amongst lakes.  It is also noteworthy that there was substantial variation in 
size-at-age among all lakes, with a gradient of lakes from large body sizes in Pentucket 
and Chebacco and other lakes exhibiting fewer differences.  This variation, and 
differences in observed growth estimates, set up conditions where strong selection on 
body size and growth are possible through either predation or emigration.  For example, 
as predators may actively select a specific size-range and, similarly, emigration may be 
restricted to larger individuals   
To determine alewife growth, length (previously used in alewife literature) and 
otolith-based estimates were derived.  Length-based growth rates (0.58 mm/d to 1.82 
mm/d) encompassed the range of what has been reported in the past:  Heinrich (1981) 
estimated that alewife grew 0.63 ± 0.03 mm/d during the first 50 d of life; Hook et al. 
(2007) estimated growth rates in Lake Michigan and Muskegon Lake to be 0.91 mm/d, 
0.85 mm/d and 0.91 mm/d, 0.93 mm/d in 2001 and 2002, respectively; and Overton et. al 
(2012) reported growth rates of 0.103-0.277 mm/d in the Tar-Pamlico River in North 
Carolina.  Length-based estimates in this study agree with past literature and were also 
well correlated with both otolith-based estimates (overall and last 20 days).  Similarly, 
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both otolith-based growth estimates were correlated with each other; however, 
differences exist among study sites.  For example, a majority of lakes (16) had higher 
growth rates over the last 20 days compared to their lifetime (overall) growth.  Therefore, 
conditions in these remaining four lakes (Johns, Gull, Lower Mystic, Upper Mystic) were 
less favorable for growth during the last 20 days.   Additional, in-depth investigations 
should be considered in the future to determine what factors may influence these 
observed patterns. 
Different abiotic variables explained overall otolith growth and growth over the 
last 20 days.  Overall growth was positively correlated with DOC, a finding somewhat 
surprising considering DOC can limit food web productivity (Benoît et al. In press), 
potentially limiting the resources available to fish in freshwater.  While previous 
literature has demonstrated negative relationships between DOC concentration and the 
abundance of fish (Finstad et al. 2014; Karlsson et al. 2009), additional work suggests an 
increase in growth with increased DOC (Bertolo and Magnan 2007, Leclerc et al. 2011, 
Tanentzap et al. 2014, Benoît et al. In press).  Benoît et al. (In press) found that early 
growth rates for yellow perch (Perca flavescens), a resident freshwater fish species 
commonly found in the same lakes as alewife, were positively related to DOC.  Given 
that juvenile perch are largely zooplanktivorous (like juvenile alewife), the relationship 
observed in this study, and others, might suggest a net positive effect of DOC on alewife 
growth that appears to be mediated through zooplankton productivity.   
 Recent growth (in the last 20 days) was negatively correlated with secchi depth 
suggesting that alewife growth is impeded when lake visibility is low.  Water 
transparency can be a result of multiple parameters that affect the attenuation of light 
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(Fleming-Lehtinen and Laamanen 2012), but transparency has predominantly been linked 
to increased phytoplankton biomass in freshwater environments (Carlson 1977, Almazan 
and Boyd 1978, Lewis et al. 1988, Karydis 2009, Chen et al. 2010).  Because juvenile 
alewife are zooplanktivorous (Brooks and Dodson 1965), feeding can reduce zooplankton 
numbers and subsequently increase phytoplankton, resulting in negative feedback 
mediated by alewife feeding behavior.  Juveniles are partially, if not entirely, visual 
predators (Hook et al. 2007) and low water clarity coupled with decreased mobility (due 
to their small size) may equate to limited encounters with zooplankton prey, constraining 
consumption and growth rates.   
3.4.3 Mortality 
In this study, mortality was highest in earlier sampling Rounds, when density 
within lakes was highest.  Mansfield and Jude (1986) observed similar patterns, whereby 
small larval alewife exhibited higher rates of mortality than larger juvenile alewife.  In 
general, high mortality of larvae is expected; as adults spawn, newly recruited alewife 
become a new and abundant food source ideal for resident freshwater fish (Moring et al. 
2002, Yako et al. 2011).  Because these lakes are not closed systems, “mortality” actually 
reflects both death and emigration.  However, since alewife have restricted mobility at 
early life stages, emigration is an unlikely explanation of the observed mortality in Round 
1 but may introduce bias as the summer progresses. 
Average mortality estimates within lakes (0.01 to 0.20) were consistent with past 
studies: Mansfield and Jude (1986) reported mortality in Lake Michigan to be 0.02-0.31; 
Hook et al (2007) estimated mortality in Lake Michigan as 0.22-0.30 and 0.14-0.16 in 
Muskegon Lake; Overton et al. (2012) estimated mortality rates of 0.06-0.27 in the Tar-
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Pamlico River in North Carolina; and Essig and Cole (1986) estimated daily 
instantaneous mortality rate of 0.12 in Pentucket in Massachusetts.  In my study, 
mortality estimates of alewife stocked in Pentucket were 0.092, 0.095, and 0.023 in 
Rounds 1, 2, and 3, respectively, similar to the mortality estimates from the natural 
alewife populations 30 years ago.  Essig and Cole (1986) note that the alewife used to 
derive their estimates were young, which explains why my estimates from earlier in the 
season are closer to their values.  
Stepwise multiple regression analysis yielded no significant predictors of 
mortality.  The lack of significant variables may be due to the relatively long time span 
between my sampling events.  In the future, sampling for juvenile alewife and abiotic and 
biotic factors should be performed more frequently, weekly or bi-weekly.  Additionally, 
sampling using a variety of techniques (e.g., purse seining coupled with DIDSON sonar 
and gill netting) may allow for a more accurate quantification of mortality and parameters 
influencing survival.  Using a variety of sampling protocols would allow researchers to 
capture alewife that otherwise would evade the net, creating a sampling design that better 
represents the alewife population within-lakes.  However, for current modeling efforts, an 
average rate of 0.1 seems appropriate. 
3.4.4 Conclusion 
Estimates of density, growth, and mortality developed in this study can be used to 
improve alewife population models such that they more accurately predict rates observed 
in the field and inform future modeling efforts.  This research suggests daily increment 
analyses and studies of feeding ecology will help identify mechanistic links between 
zooplankton, water quality parameters, and growth, while increased sampling and better 
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accounts of emigration will aid in refining mortality estimates.  Ultimately, incorporating 
robust growth and mortality estimates, like I have provided here, will aid in 
characterizing system differences during modeling efforts that will aid managers in their 
ability to prioritize alewife conservation efforts and develop effective management 
strategies. 
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Table 3.1 Study sites and associated characteristics.  An asterisk (*) next to lake names indicates systems upstream of the same 
adult run count. 
 
Lake River Region Lake size (ha)         # aged % aged 
Robbins  Satucket River South & Buzzards Bay  117 48 100 
Snipatuit  Mattapoisett South & Buzzards Bay 287 151 20.1 
Long  Nemasket River South & Buzzards Bay 696 104 1.2 
Billington Sea Town Brook South & Buzzards Bay 108 200 6.9 
Furnace* Herring Brook South & Buzzards Bay 140 145 12.9 
Oldham* Herring Brook South & Buzzards Bay 93 150 1.7 
Great Herring  Monument River South & Buzzards Bay 167 200 2.6 
Cedar  N/A Cape Cod 8 150 1.8 
Pilgrim  Namequoit River Cape Cod 15 150 0.1 
Johns Quashnet River Cape Cod 123 125 65.1 
Santuit  Santuit River Cape Cod 70 150 6.3 
Lower Mill* Stoney Brook Cape Cod 156 150 0.4 
Upper Mill/Walkers* Stoney Brook Cape Cod 138 151 7.3 
Gull  Herring River Cape Cod 39 150 2.8 
Coonamessett  Coonamessett River Cape Cod 64 151 1.5 
Whitmans  Back River North & Boston Harbor 71 95 1.8 
Chebacco  Essex River North & Boston Harbor 97 200 6.9 
Pentucket  Parker River  North & Boston Harbor 33 188 76.4 
Upper Mystic* Mystic River North & Boston Harbor 67 150 0.2 
Lower Mystic* Mystic River North & Boston Harbor 34 116 1 
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Table 3.2 Variables used in statistical analyses. 
 
    Density  Growth Mortality 
  Round 1 Round 2 Round 3 
Total 
Maximum 
 Last 20 
days Overall Round 2 Round 3 Total 
Water quality              
 Temperature    X (R2) X  X X (R2) X X X 
 pH   X X  X X X X X 
 Chlorophyll a  X (R2) X X  X X X X (R2) X 
 Total phosphorus (TP)  X  X X  X X X X X 
 Total nitrogen (TN)  X X X  X X X X X 
 Dissolved organic carbon (DOC)       X   X 
 Secchi depth  X  X X  X X X  X 
 Conductivity   X X  X X    
 Dissolved oxygen (DO)    X    X X (R2) X 
Other variables           
 Lake size X X X X       
 Adult spawn date X X X X (R2)       
 Fish density  X (R1) X (R2)    X (R2) X X X (R2) 
  Rainfall                    X    
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Table 3.3 Average length and age observed in each lake, along with Tukey test results 
comparing average lengths within each lake for fish collected in Round 3.  Lakes not 
connected by same letter are significantly different (p < 0.05). Slopes and intercepts of 
length at age regressions are also listed along with average length and age in each lake.   
 
Lake 
Average 
Length 
Average 
Age                    Slope Intercept 
Pentucket 104.42 58 A          0.23 91.26 
Robbins 80.00 42  B C        - - 
Lake Chebacco 72.62 49  B         0.29 58.32 
Whitmans 67.00 42  B C        1.99 -17.05 
Long Pond 58.50 53   C D E      0.34 40.47 
Snipatuit 58.00 36  B C D E F G    - - 
Santuit 53.24 50    D       0.28 39.14 
Cedar 50.72 61    D E F     0.11 43.72 
Furnace 50.64 49    D E F     0.23 39.38 
Oldham 49.96 48    D E F     0.09 45.69 
Upper Mystic 49.14 38     E F     0.09 45.82 
Lower Mystic 47.24 40      F     0.04 45.53 
Billington Sea 42.12 41       G    0.19 34.07 
Great Herring 41.14 41       G    0.52 19.75 
Johns 40.57 40       G    0.92 3.79 
Lower Mill 39.16 44       G H   0.17 31.69 
Upper Mill 35.35 54        H I  0.17 25.9 
Pilgrim 35.02 49         I  0.28 21.1 
Coonamessett 32.82 45         I J 0.03 31.36 
Gull 29.50 45          J 0.38 12.3 
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Table 3.4 Significant multiple linear regression results using stepwise regression 
(forward selection, p=0.05) for predicting density, growth, and mortality.  Sign (+ ⁄ –) 
indicates direction of response to predictor variables. Predictor and response variables are 
defined in Table 3.2.  
 
       Adj. R
2
 Partial R
2
  p      Predictors 
Density         
 Round 2 0.18 0.23 0.043    + R1 density 
 Round 3   0.57 0.59 <0.001    + R2 density 
Growth     
 Overall 0.28 0.31 0.010 + DOC 
 Last 20 days 0.27 0.32 0.014 - Secchi depth 
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Figure 3.1 Map of 20 sites located in Massachusetts, USA.  Circles represent North and 
Boston Harbor sites (n=5), triangles represent South & Buzzards Bay sites (n=7), and 
diamonds represent Cape Cod sites (n=8). 
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Figure 3.2 Linear regression of (A) overall otolith-based growth versus length-based 
growth and (B) overall otolith-based growth versus otolith growth for the last 20 days. 
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Figure 3.3 (A) Average density (± SE) of juvenile alewife across sampling Rounds in 
each study lake and (B) average juvenile alewife density (± SE) log (x+1) transformed in 
each lake in each Round.   
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Figure 3.4 Best models for predicting (A) Round 2 densities and (B) Round 3 densities 
based on multiple regression analysis. 
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Figure 3.5 Regression of the lengths of juvenile alewife and their ages.  Lakes are color 
coded and the slope of each is plotted. 
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Figure 3.6 Otolith-based growth estimates (mean ± standard error) for all 20 study sites.   
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Figure 3.7 Best models for predicting (A) overall growth and (B) the last 20 days of growth 
based on multiple regression analysis. 
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Figure 3.8 (A) Overall mortality in each lake and (B) mortality within each Round of 
sampling.   
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CHAPTER 4 
CONCLUSIONS 
 
 This thesis provides novel information about alewife ecology through the study of 
spawning grounds in Massachusetts.  First, I identified a consistent delay between adult 
alewife migration and spawn timing (average of 17 d) and that spawning continued well 
after migration ended (average of 31 d).  While information about adult migration is 
collected extensively along the coast of Massachusetts, researchers have not previously 
paired these movements with spawning data.  In fact, previous understanding of adult 
spawning was limited to a single lake in Connecticut (Kissil 1971; Gahagan et al. 2010) 
and a single lake in Rhode Island (Cooper 1961).  Extended adult presence within the 
nursery habitat, coupled with extended periods of spawning activity, further corroborates 
recent discoveries that suggest alewife exhibit asynchronous spawning (Hyle et al. 2014, 
Ganias et al. 2015).  Additionally, extended adult alewife presence on spawning grounds 
has large implications for freshwater foodwebs, both pelagic and littoral.  For example, 
adult alewife are known to feed in the pelagic and littoral zone (Schielke et al. 2012), and 
because they remain in lakes longer than originally thought, adults could exert a top-
down influence at a greater rate than previously documented. 
I also provide estimates of juvenile alewife length-at-age, density, growth, and 
mortality rates across 20 coastal Massachusetts lakes.  Currently, limited research has 
been conducted regarding alewife growth and mortality within spawning grounds 
(Gahagan et al. 2010), yet these estimates are critical when determining population size, 
productivity estimates, recruitment potential, and overall year-class strength (Houde 
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1997).  Lakes, overall, did not produce the same sized fish and there appears to be 
substantial variations of length-at-age with some lakes exhibiting large differences.  
However, no change in length-at-age occurred in August, thus differences were achieved 
earlier in the growing season.  Among all 20 lakes, density, growth, and mortality rates 
varied considerably and, taken together, generally showed only weak relationships with a 
variety of abiotic and biotic factors.  Juvenile alewife density was positively related to 
juvenile density estimated in the previous sampling Round, suggesting that a single 
sampling date may be sufficient to estimate relative lake density across the landscape if 
over a short enough (> 1 month) duration.  Factors affecting growth were not consistent; 
overall growth (averaged across the entire lifespan of an individual alewife) was 
positively correlated with DOC, while the last 20 days of growth was negatively 
correlated with secchi depth.  While different, these responses are likely the result of the 
same mechanisms, both intrinsically linked with zooplankton abundance, prey 
availability, and feeding behavior within lakes.  No significant correlate was found for 
mortality and is likely due to the brevity of the sampling protocol, where lakes were 
sampled once a month for three months in a single year. Thus, monthly sampling will be 
sufficient for determining density and growth differences but inadequate, given sample 
sizes (n= 50), to determine mortality differences.  
It is important to note that, while this thesis provides a wealth of valuable 
information regarding alewife early life history, there are limitations to our sampling 
protocol.  Sampling in Chapters 2 and 3 was performed using a pelagic purse seine at 
night and, while effective, additional methods (e.g., DIDSON sonar, gill netting) should 
be considered.  Using a variety of protocols would allow researchers to capture alewife 
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that otherwise evade the net, thus creating a sampling design that better represents the 
alewife population within lakes.  Additionally, to more accurately quantify mortality and 
abiotic/biotic factors that drive juvenile survival, investigators should collect data earlier 
in the spawning season (e.g., May) and across multiple years.  An early start will capture 
newly spawned juveniles, potentially leading to better mortality estimates.  Moreover, 
earlier and more frequent collection of abiotic/biotic variables can provide insight into 
interannual variation within spawning grounds and can help to quantify big-picture trends 
rather than snapshots in time.  Lakes that I found to be minimally productive (i.e., low 
growth, high mortality) may be respond differently in subsequent years under different 
climatic conditions.  
Alewife are an important link between freshwater, estuarine, and marine food 
webs and, as such, fluctuations in their abundances can have implications for ecosystem 
functionality (ASMFC 2012).   Declines in alewife populations and an unsuccessful 
petition to list them under the Endangered Species Act are, in part, due to our overall lack 
of knowledge regarding alewife early life history in freshwater.  Current methods that 
rely on adult alewife density to inform overall productivity is clearly limited, as 
demonstrated in this study and suggested by other researchers (e.g., Tomassi et al. 2007).   
Considering new approaches to inform alewife productivity and restore 
populations is crucial.  Waldman et al. (2016) recently suggested switching from a focus 
on adult counts to an approach that enhances diversity and strengthens life-history 
resiliency.   In the past, sustaining a combination of life-histories has been shown to 
allow anadromous fish populations the best chance to resist and recover from 
anthropogenic and natural disturbances (Kraus and Secor 2005, Schindler et al. 2010).  
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Presently, manager’s objectives are focused on getting the most adult alewife past dams 
and through fishways to reach spawning grounds.  Thus, less attention is focused on 
presence of diverse habitats (e.g. pools, riffles), movement strategies, and the alewife’s 
ability to aggregate and spawn multiple times (Waldman et al. 2016).  As an example, 
alewife are currently restricted in their movement (i.e., adults can only migrate into lakes 
when dam managers release flow or fishway operations commence, allowing just a small 
fraction of the migrating population access to the lake) but to increase population 
resiliency and increase a diversity of traits, free movement and the ability of a greater 
proportion to aggregate/spawn multiple times is required.  In addition to strengthening 
resiliency, measuring pertinent metrics (e.g., spawn timing, juvenile growth, mortality) 
instead of solely focusing on adult counts is imperative.  Together, a changed 
management perspective and the measurement of additional metrics have the potential to 
increase understanding of the variety of life histories within lakes and increase alewife’s 
long term resiliency.   
In sum, this thesis provides essential information pertaining to alewife migration 
and spawning, as well as density, growth, and mortality estimates within lakes.  In the 
future, intensive sampling coupled with a variety of in-lake sampling protocols will help 
to provide further insight into areas of alewife life history that are not well understood.  
These efforts, coupled with modeling that predicts productivity and highlights important 
sources of population declines, will aid in developing sound stock assessments and 
support timely adaptive management.  The recovery of alewife stocks will only be 
attained when resource managers are armed with accurate stock assessments and 
productivity models, which cannot be developed without access to accurate life history 
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data.  Overall, the recovery of alewife will provide a major benefit to the health and 
conservation of our oceans, rivers, and lakes and, consequently, will support future 
fisheries, ultimately providing social, economic, and ecological benefits.    
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APPENDIX A 
 
CUMULATIVE DISTRIBUTIONS FUNCTIONS (CDFs) 
 
 
Figure A.1: Cumulative distribution functions (CDFs) of adult migration timing (black line) and adult spawn timing (red line) 
broken down by each individual lake.  
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APPENDIX B 
PAIRWISE REGRESSION RESULTS FOR ROUNDS 1-3 AND AVERAGES 
ACROSS ROUNDS 
 
Figure B.1: Pairwise regressions for Round 1 sampling.  Variables include Total 
Nitrogen (TN), Total Phosphorus (TP), Chlorophyll-a (Chl-a), Secchi depth, Temperature 
(°C), Conductivity, pH, Round 2 Dissolved Oxygen measured at middle of lake (R2 DO 
Middle), Round 2 Dissolved Oxygen measured at surface of lake (R2 DO Surface), 
Density of juvenile alewife (Density), Rainfall, and land use characteristics (Urban, 
Agriculture, Forest, Other). 
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Figure B.2: Pairwise regression for Round 2 sampling.  Variables include Total Nitrogen 
(TN), Total Phosphorus (TP), Chlorophyll-a (Chl-a), Secchi depth, Temperature (°C), 
Conductivity, pH, Round 2 Dissolved Oxygen measured at middle of lake (R2 DO 
Middle), Round 2 Dissolved Oxygen measured at surface of lake (R2 DO Surface), land 
use characteristics (Urban, Agriculture, Other), and Rainfall. 
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Figure B.3: Pairwise regressions for Round 3 sampling.  Variables include Total 
Nitrogen (TN), Total Phosphorus (TP), Round 2 Chlorophyll-a (R2 Chl-a), Secchi depth, 
Temperature (°C), Conductivity, pH, Round 2 Dissolved Oxygen measured at middle of 
lake (R2 DO Middle), Round 2 Dissolved Oxygen measured at surface of lake (R2 DO 
Surface), Density of juvenile alewife (Density), Rainfall, and land use characteristics 
(Urban, Agriculture, Forest, Other). 
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Figure B.4: Pairwise regressions for independent variables averaged across all three 
sampling Rounds.  Variables include Total Nitrogen (TN), Total Phosphorus (TP), 
Chlorophyll-a (Chl-a), Dissolved Organic Carbon (DOC), Secchi depth, Temperature 
(°C), Conductivity, pH, Round 2 Dissolved Oxygen measured at middle of lake (R2 DO 
Middle), Round 2 Dissolved Oxygen measured at surface of lake (R2 DO Surface), 
Density of juvenile alewife in Round 2 (Density R2), total number of dams located on a 
lakes respective river (total # of dams), Rainfall, and land use characteristics (Urban, 
Agriculture, Forest, Other). 
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APPENDIX C 
 
AGE FREQUENCY DISTRIBUTIONS ACROSS ALL ROUNDS OF SAMPLING 
Figure C.1: Age-frequency distributions for each lake, in each sampling Round.                                                                   
Round 1 (blue), Round 2 (red), Round 3 (green). Note differences in x-axis range. 
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APPENDIX D 
 
LENGTH FREQUENCY DISTRIBUTIONS ACROSS ALL ROUNDS OF SAMPLING 
D.1: Length-frequency distributions for each lake, in each sampling Round.  Round 1 (blue), Round 2 (red), Round 3 (green). 
Note differences in x-axis ranges. 
           
            
            
0
0.2
0.4
0.6
0.8
1
7 13 19 25 31 37 43 49 55 61 67 73 79 85
fr
eq
length (mm)
Robbins
R1
R2
R3 0
0.1
0.2
0.3
0.4
0.5
14 20 26 32 38 44 50
fr
e
q
length (mm)
Snipatuit
R1
R2
R3
0
0.05
0.1
0.15
0.2
0.25
0.3
15 21 27 33 39 45 51 57 63
fr
e
q
length (mm)
Long Pond
R1
R2
R3 0
0.05
0.1
0.15
0.2
14 20 26 32 38 44 50 56
fr
e
q
length (mm)
Billington Sea
R1
R2
R3
 75 
 
                  
          
0
0.05
0.1
0.15
0.2
0.25
16 22 28 34 40 46 52 58
fr
e
q
length (mm)
Oldham
R1
R2
R3 0
0.1
0.2
0.3
0.4
0.5
4 10 16 22 28 34 40 46 52 58 64
fr
e
q
length (mm)
Furnace
R1
R2
R3
0
0.05
0.1
0.15
0.2
14 20 26 32 38 44
fr
e
q
length (mm)
Great Herring
R1
R2
R3 0
0.1
0.2
0.3
0.4
9 21 33 45 57 69 81
fr
e
q
length (mm)
Johns
R1
R2
R3
 76 
 
           
           
0
0.02
0.04
0.06
0.08
0.1
0.12
15 21 27 33 39 45 51 57 63
fr
e
q
length (mm)
Cedar
R1
R2
R3 0
0.1
0.2
0.3
0.4
2 14 26 38 50 62
fr
e
q
length (mm)
Pilgrim
R1
R2
R3
0
0.05
0.1
0.15
0.2
0.25
0.3
6 18 30 42 54 66
fr
e
q
length (mm)
Santuit
R1
R2
R3 0
0.05
0.1
0.15
0.2
0.25
0.3
17 23 29 35 41 47 53 59
fr
e
q
length (mm)
Lower Mill
R1
R2
R3
 77 
 
                    
           
0
0.05
0.1
0.15
0.2
0.25
16 22 28 34 40 46 52 58 64
fr
e
q
length (mm)
Upper Mill/Walkers
R1
R2
R3 0
0.1
0.2
0.3
0.4
0.5
5 11 17 23 29 35 41 47 53 59
fr
e
q
length (mm)
Gull 
R1
R2
R3
0
0.1
0.2
0.3
0.4
0.5
0.6
11 23 35 47 59 71 83 95 107 119
fr
e
q
length (mm)
Coonamessett
R1
R2
R3 0
0.1
0.2
0.3
0.4
0.5
6 12 18 24 30 36 42 48 54 60 66 72 78 84
fr
e
q
length (mm)
Whitmans
R1
R2
R3
 78 
 
           
 
          
0
0.1
0.2
0.3
0.4
8 17 26 35 44 53 62 71 80 89
fr
e
q
length (mm)
Chebacco
R1
R2
R3 0
0.05
0.1
0.15
0.2
0.25
0.3
9
1
8
2
7
3
6
4
5
5
4
6
3
7
2
8
1
9
0
9
9
1
0
8
1
1
7
fr
e
q
length (mm)
Pentucket
R1
R2
R3
0
0.05
0.1
0.15
0.2
0.25
12 18 24 30 36 42 48 54
fr
e
q
length (mm)
Upper Mystic
R1
R2
R3 0
0.1
0.2
0.3
0.4
8 14 20 26 32 38 44 50 56 62 68 74 80 86
fr
e
q
length (mm)
Lower Mystic
R1
R2
R3
 79 
 
APPENDIX E 
 
DENSITY OF ALEWIFE IN EACH LAKE 
 
E.1: Density of alewife in each lake, within each sampling Round.  Purse seine pull 
number (seine pull), number of alewife per seine haul (# of alewife), juvenile alewife 
density (density), and average density within each lake and each Round is also included. 
 
 
 
Lake 
Sampling 
Round 
Seine 
Pull 
# of 
Alewife  Density 
Average 
Density within 
Lake 
Average Density 
within Round 
Robbins 1 1 3 0.08 0.09 0.28 
 1 2 20 0.51   
 1 3 10 0.25   
 2 1 4 0.00  0.00 
 2 2 5 0.00   
 2 3 5 0.00   
 3 1 0 0.00  0.00 
 3 2 1 0.00   
 3 3 0 0.00   
       
Snipatuit 1 1 230 6.21 2.17 5.13 
 1 2 242 6.54   
 1 3 98 2.65   
 2 1 104 2.30  1.37 
 2 2 53 1.22   
 2 3 22 0.59   
 3 1 1 0.02  0.01 
 3 2 0 0.00   
 3 3 0 0.00   
 3 4 0 0.00   
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Lake 
Sampling 
Round 
Seine 
Pull 
# of 
Alewife  Density 
Average 
Density within 
Lake 
Average Density 
within Round 
Long Pond 1 1 5756 69.22 11.93 35.38 
 1 2 2324 25.11   
 1 3 655 11.79   
 2 1 16 0.19  0.39 
 2 2 42 0.49   
 2 3 42 0.49   
 3 1 2 0.02  0.01 
 3 2 2 0.02   
 3 3 0 0.00   
       
Billington Sea 1 1 1364 15.03 4.38 7.56 
 1 2 166 2.85   
 1 3 262 4.80   
 2 1 519 9.10  4.25 
 2 2 140 1.80   
 2 3 188 1.85   
 3 1 57 1.12  1.32 
 3 2 41 0.80   
 3 3 180 2.05   
       
Furnace 1 1 286 4.91 2.23 2.35 
 1 2 81 1.35   
 1 3 46 0.79   
 2 1 128 2.04  3.93 
 2 2 137 2.38   
 2 3 380 7.37   
 3 1 8 0.13  0.43 
 3 2 21 0.34   
 3 3 37 0.80   
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Lake 
Sampling 
Round 
Seine 
Pull 
# of 
Alewife  Density 
Average 
Density within 
Lake 
Average Density 
within Round 
Oldham 1 1 3240 33.36 10.29 23.12 
 1 2 1600 17.29   
 1 3 1750 18.72   
 2 1 162 2.14  5.50 
 2 2 937 10.65   
 2 3 369 3.73   
 3 1 190 1.84  2.24 
 3 2 223 2.83   
 3 3 150 2.06   
       
Great Herring 1 1 190 1.46 6.67 16.37 
 1 2 3120 23.91   
 1 3 3100 23.76   
 2 1 39 0.40  0.84 
 2 2 6 0.05   
 2 3 270 2.07   
 3 1 410 3.14  2.80 
 3 2 386 2.96   
 3 3 302 2.31   
       
Cedar Lake 1 1 2602 56.41 19.35 45.69 
 1 2 2558 55.46   
 1 3 1400 25.21   
 2 1 470 10.19  11.10 
 2 2 346 7.50   
 2 3 720 15.61   
 3 1 49 1.06  1.26 
 3 2 43 0.83   
 3 3 115 1.89   
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Lake 
Sampling 
Round 
Seine 
Pull 
# of 
Alewife  Density 
Average 
Density within 
Lake 
Average Density 
within Round 
Pilgrim Lake 1 1 14450 110.73 92.54 273.52 
 1 2 5125 39.27   
 1 3 87500 670.54   
 2 1 475 3.64  1.91 
 2 2 189 1.45   
 2 3 84 0.64   
 3 1 192 1.47  2.18 
 3 2 219 1.68   
 3 3 442 3.39   
       
Johns 1 1 17 0.13 0.19 0.22 
 1 2 51 0.39   
 1 3 19 0.15   
 2 1 2 0.02  0.07 
 2 2 14 0.11   
 2 3 13 0.10   
 3 1 35 0.27  0.27 
 3 2 7 0.07   
 3 3 34 0.47   
       
Santuit 1 1 1304 17.61 3.74 7.67 
 1 2 152 2.83   
 1 3 237 2.56   
 2 1 31 0.44  2.26 
 2 2 67 0.96   
 2 3 323 5.38   
 3 1 133 1.83  1.31 
 3 2 50 0.69   
 3 3 96 1.41   
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Lake 
Sampling 
Round 
Seine 
Pull 
# of 
Alewife  Density 
Average 
Density within 
Lake 
Average Density 
within Round 
Lower Millpond 1 1 13533 121.84 47.60 111.16 
 1 2 23393 194.66   
 1 3 1727 16.99   
 2 1 339 3.67  18.21 
 2 2 2524 32.74   
 2 3 0    
 3 1 132 1.21  3.62 
 3 2 427 4.63   
 3 3 550 5.03   
       
Upper Mill/Walkers 1 1 0 0.00 2.72 1.79 
 1 2 261 4.04   
 1 3 86 1.33   
 2 1 150 1.15  1.56 
 2 2 402 3.08   
 2 3 30 0.46   
 3 1 382 3.05  4.79 
 3 2 644 9.65   
 3 3 102 1.68   
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Lake 
Sampling 
Round 
Seine 
Pull 
# of 
Alewife  Density 
Average 
Density within 
Lake 
Average Density 
within Round 
Gull 1 1 0 0.00 5.07 0.29 
 1 2 16 0.12   
 1 3 36 0.28   
 1 4 99 0.77   
 2 1 2430 18.80  8.84 
 2 2 231 2.97   
 2 3 613 4.74   
 3 1 354 2.74   
 3 2 81 0.63  10.13 
 3 3 1430 19.63   
       
Coonamessett  1 1 2740 21.19 8.56 18.91 
 1 2 2620 20.27   
 1 3 1975 15.28   
 2 1 591 4.57  5.59 
 2 2 1070 8.28   
 2 3 507 3.92   
 3 1 207 1.60  1.19 
 3 2 177 1.37   
 3 3 76 0.59   
       
Whitmans 1 1 71 0.96 5.15 15.29 
 1 2 3200 28.81   
 1 3 2100 16.09   
 2 1 11 0.13  0.10 
 2 2 12 0.09   
 2 3 13 0.08   
 3 1 3 0.02  0.06 
 3 2 10 0.08   
 3 3 11 0.09   
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Lake 
Sampling 
Round 
Seine 
Pull 
# of 
Alewife  Density 
Average 
Density within 
Lake 
Average Density 
within Round 
Chebacco 1 1 990 7.66 2.97 9.20 
 1 2 700 7.21   
 1 3 1000 12.72   
 2 1 34 0.31  0.14 
 2 2 1 0.02   
 2 3 18 0.16   
 3 4 9 0.09   
 3 1 123 1.21  0.50 
 3 2 8 0.06   
 3 3 16 0.23   
       
       
Pentucket 1 1 67 0.52 0.21 0.52 
 1 2 40 0.31   
 1 3 46 0.75   
 2 1 43 0.39  0.20 
 2 2 22 0.17   
 2 3 6 0.05   
 3 1 6 0.05  0.04 
 3 2 6 0.05   
 3 3 2 0.02   
 3 4 5 0.04   
 3 5 3 0.03   
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Lake 
Sampling 
Round 
Seine 
Pull 
# of 
Alewife  Density 
Average 
Density within 
Lake 
Average Density 
within Round 
Upper Mystic 1 1 49 0.48 54.59 0.72 
 1 2 103 0.80   
 1 3 112 0.87   
 2 1 42108 325.72  209.54 
 2 2 12071 93.37   
 2 3 0    
 3 1 1041 10.72  5.15 
 3 2 261 2.02   
 3 3 352 2.72   
       
Lower Mystic 1 1 4 0.03 8.97 0.03 
 1 2 0 0.00   
 1 3 11 0.09   
 1 4 3 0.02   
 2 1 9699 75.02  25.92 
 2 2 54 0.42   
 2 3 300 2.32   
 3 1 203 1.57  3.92 
 3 2 387 2.99   
  3 3 929 7.19     
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APPENDIX F 
GROWTH AND MORTALITY 
F.1: Juvenile alewife growth estimates derived from otolith (overall and last 20 
days) and length based methodologies.  Overall mortality (Z) within each lake and 
in each individual sampling Round (Z: R1, R2, R3) is also included. 
 
 
  
Lake 
Overall 
growth 
Last 20 
days of 
growth 
Length 
based 
growth 
Overall 
Mortality 
(Z) Z: R1 Z: R2 Z: R3 
Robbins 0.0145 0.0190 1.8214 0.0332 0.1144 0.1046 - 
Snipatuit 0.0117 0.0150 1.5139 0.1349 0.2966 0.2506 - 
Long Pond 0.0105 0.0128 1.0570 0.1452 0.1644 0.1456 - 
Billington Sea 0.0098 0.0122 0.9470 0.0552 0.2478 0.162 0.0670 
Furnace 0.0076 0.0081 0.9680 0.0828 0.1042 0.1334 0.0663 
Oldham 0.0082 0.0101 0.9837 0.0896 0.3102 0.1724 0.1710 
Great Herring 0.0099 0.0105 0.9130 0.0607 0.3467 0.1549 0.1853 
Cedar Lake 0.0062 0.0069 0.7829 0.2011 0.1567 0.0741 0.0667 
Pilgrim Lake 0.0082 0.0097 0.6472 0.1346 0.3348 0.0901 0.0776 
Johns 0.0091 0.0075 0.9230 0.0218 0.2329 0.0605 0.0475 
Santuit 0.0101 0.0116 1.0233 0.0487 0.1297 0.0678 0.0497 
Lower Millpond 0.0095 0.0115 0.8117 0.1107 0.6081 0.1353 0.0705 
Upper Mill/Walkers 0.0075 0.0087 0.5932 0.0080 0.3590 0.2049 0.0574 
Gull 0.0077 0.0054 0.5858 0.0276 0.3569 0.1438 0.0402 
Coonamessett  0.0084 0.0102 0.6547 0.0988 0.0585 0.1179 0.1445 
Whitmans 0.0133 0.0151 1.5004 0.1217 0.1589 0.0596 0.1047 
Chebacco 0.0131 0.0175 1.4527 0.0461 0.1043 0.0279 0.0285 
Pentucket 0.0089 0.0127 1.7862 0.0424 0.0922 0.0950 0.0226 
Upper Mystic 0.0119 0.0109 1.2183 0.0336 0.3879 0.2186 0.0723 
Lower Mystic 0.0112 0.0098 1.1118 0.0375 0.0531 0.6670 0.1156 
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APPENDIX G 
BIOTIC VARIABLES 
 
G.1: Biotic variable (adult migration size, adult spawn timing, and size of each 
lake) used in Chapter 3 forward stepwise regression models. 
 
 
Lake 
Adult 
migration size 
Adult  
spawn timing Lake size (ha) 
Robbins 603 5/6/2014 117 
Snipatuit 55,429 4/30/2014 287 
Long Pond 590,105 5/7/2014 696 
Billington Sea 135,738 5/12/2014 108 
Furnace 38,663 5/7/2014 140 
Oldham 38,663 5/9/2014 93 
Great Herring 278,134 5/12/2014 167 
Cedar Lake 8,515 4/30/2014 8 
Pilgrim Lake 4,202 5/1/2014 15 
Johns 247,894 5/11/2014 123 
Santuit 20,619 5/5/2014 70 
Lower Millpond 271,364 5/7/2014 156 
Upper Mill/Walkers 271,364 5/10/2014 138 
Gull 61,779 5/11/2014 39 
Coonamessett  68,251 5/9/2014 64 
Whitmans 455,000 5/12/2014 71 
Chebacco 7,997 5/23/2014 97 
Pentucket 271 5/18/2014 33 
Upper Mystic 239,057 5/12/2014 67 
Lower Mystic 239,057 5/17/2014 34 
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APPENDIX H 
 
WATER QUALITY DATA 
Table H.1: Water quality parameters used in Chapter 3 forward step-wise regression models.  Total Nitrogen (TN) and Total 
Phosphorus (TP) in Rounds 1, 2, and 3 (R1, R2, R3), Chlorophyll-a in Round 2 (R2 Chl-a) and Dissolved Organic Carbon 
(DOC). 
 
 
 Lake 
 R1 TN  
(mg N/L)  
R2 TN 
(mg N/L)  
 R3 TN 
(mg N/L)  
R1 TP 
(ug/L) 
R2 TP 
(ug/L) 
R3 TP 
(ug/L) 
R2 Chl-a 
(ug/l) DOC (mg C/L) 
Robbins 0.468 0.645 0.666 44.3 67.2 71.5 0.294 11.102 
Snipatuit 0.518 0.461 0.465 40.1 50.2 31.6 -0.021 8.282 
Long Pond 0.361 0.423 0.352 22.3 21.9 26.1 0.503 4.009 
Billington Sea 1.126 0.724 0.696 33.4      - 37.5 1.665 3.510 
Furnace 0.381 1.369 0.599 35.9 39.7 49.8 0.566 5.336 
Oldham 0.328 0.368 0.457 28.9 29.3 36.6 1.034 4.199 
Great Herring 0.372 0.220 0.233 18.6 47.5 18.3 0.979 - 
Cedar Lake 0.686 0.405 0.346 34.4 22.7 13.5 0.959 4.828 
Pilgrim Lake 0.394 0.375 0.384 16.1 16.3 15.0 0.692 4.103 
Johns 0.353 0.281 0.210 12.2 23.6 10.1 -0.325 2.131 
Santuit 0.872 0.744 0.573 42.9 46.8 52.8 0.716 4.842 
Lower Millpond 0.356 0.771 0.346 39.0 60.6 30.6 1.705 5.120 
Upper Mill/Walkers 0.251 0.373 0.384 32.0 24.5 33.3 0.611 4.468 
Gull 0.292 0.419 0.265 21.2 10.9 10.4 0.194 3.191 
Coonamessett  0.201 0.396 0.264 17.2 15.1 17.5 2.716 2.145 
Whitmans 0.535 0.480 0.403 29.8 20.1 23.0 1.539 6.811 
Chebacco 0.458 0.512 0.373 24.8 21.0 19.4 3.089 7.121 
Pentucket 0.448 0.367 0.403 18.6 16.2 13.6 2.844 5.528 
Upper Mystic 1.676 1.030 0.973 29.3 19.9 18.8 9.370 2.501 
Lower Mystic 1.534 0.992 1.012 29.5 20.0 22.3 7.617 5.988 
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TABLE H.2: Additional water quality parameters used in Chapter 3 forward stepwise regression 
models.  Secchi depth, temperature, conductivity, and pH in Rounds 1 and 2 (R1, R2) and an 
average (AVG) across Rounds.  Dissolved Oxygen (DO) in Round 2 taken at middle depths 
(MID) and the surface (SURF) of each lake. 
 
 
Lake 
R1 
sechii 
depth 
(cm) 
R2 
sechii 
depth 
(cm) 
AVG 
secchi 
depth 
(cm) 
R1 
temp 
C 
R2 
temp 
C 
AVG 
temp 
C 
R1 
Conductivi
ty (mS/cm) 
R2 
Conductivi
ty (mS/cm) 
AVG 
Conductivi
ty (mS/cm) 
R1 
pH 
R2 
pH 
AVG 
pH 
R2 MID 
DO 
(mg/L) 
R2 SURF 
DO 
(mg/L) 
Robbins 114.30 76.2 95.25 25.40 25.43 25.42 0.17 0.168 0.17 6.60 6.60 6.60 7.24 7.24 
Snipatuit 167.00 134.30 150.65 23.41 24.17 23.79 0.09 0.09 0.09 5.86 6.09 5.97 6.93 8.88 
Long Pond 152.40 127.00 139.70 22.20 23.53 22.87 0.16 0.16 0.16 7.42 6.63 7.03 7.53 3.08 
Billington Sea 101.60 76.20 88.90 21.71 25.01 23.36 0.18 0.19 0.18 7.99 9.44 8.72 11.4 11.10 
Furnace 213.36 93.98 153.67 23.09 24.50 23.80 0.25 0.25 0.25 6.44 6.73 6.59 5.61 8.22 
Oldham 152.00 106.68 129.34 22.53 26.34 24.44 0.28 0.28 0.28 6.37 6.98 6.68 7.97 8.27 
Great Herring 127.00 254.00 190.50 19.60 23.93 21.77 0.09 0.10 0.10 6.76 6.79 6.78 8.41 8.53 
Cedar Lake 104.14 127.00 115.57 20.10 27.49 23.80 0.25 0.29 0.27 7.14 6.96 7.05 3.95 8.86 
Pilgrim Lake 213.00 127.00 170.00 19.50 24.06 21.78 0.12 0.12 0.12 6.96 7.02 6.99 8.44 8.47 
Johns 203.00 254.00 228.50 18.90 16.71 17.81 0.10 0.11 0.10 7.13 6.99 7.06 11.22 8.76 
Santuit 101.60 88.90 95.25 24.70 24.77 24.74 0.13 0.13 0.13 8.70 9.06 8.88 9.06 9.18 
Lower Millpond 213.36 100.00 156.68 25.10 25.42 25.26 0.08 0.10 0.09 8.20 8.62 8.41 9.55 9.95 
Upper 
Mill/Walkers 218.44 105.00 161.72 18.80 23.85 21.33 0.08 0.09 0.09 6.70 6.40 6.55 7.78 8.62 
Gull 243.84 355.60 299.72 11.10 11.07 11.09 0.15 0.15 0.15 7.13 6.81 6.97 5.72 8.79 
Coonamessett  228.60 203.20 215.90 21.73 23.96 22.85 0.09 0.09 0.09 6.30 6.60 6.45 8.62 9.27 
Whitmans 106.68 139.70 123.19 21.32 26.98 24.15 0.52 0.53 0.53 6.61 7.38 7.00 8.28 8.49 
Chebacco 130.00 127.00 128.50 19.78 26.39 23.09 0.28 0.27 0.27 6.75 6.58 6.67 2.58 7.53 
Pentucket 203.20 215.90 209.55 18.64 26.41 22.53 0.23 0.23 0.23 6.81 6.72 6.77 6.85 8.40 
Upper Mystic 150.00 152.40 151.20 5.13 4.75 4.94 1.54 1.59 1.56 6.75 6.95 6.85 0.27 8.69 
Lower Mystic 177.80 152.40 165.10 18.03 21.98 20.01 1.01 1.06 1.03 7.04 6.99 7.02 2.43 8.19 
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